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Aluminum 5456-H116 has high as-welded strength, is formable, and highly 
corrosion resistant, however, it can become sensitized when exposed to elevated 
temperatures for a prolonged time.  Sensitization results in the formation of a 
continuous β phase at the grain boundaries that is anodic to the matrix.  Thus the 
grain boundaries become susceptible to stress corrosion cracking (SCC) and 
intergranular corrosion cracking (IGC).  Cracking issues on aluminum superstructures 
have prompted the use of a severe plastic deformation processes, such as ltrasonic 
impact treatment (UIT), to improve SCC resistance.  This study correlated the effects 
of UIT on the properties of 5456-H116 alloy to the microstructural evolution of the 
alloy and helped develop a fundamental understanding of the mechanisms that cause 
the microstructural evolution.    
Ultrasonic impact treatment produces a deformed layer at the surface ~ 10 to 
18 µm thick that is characterized by micro-cracks, tears, and voids.  Ultrasonic impact 
  
treatment results in grain refinement within the deformation layer and extending 
below the deformed layer.  The microstructure exhibits weak crystallographic texture 
with larger fraction of high angle grain boundaries.     
Nanocrystalline grains within the deformation layer vary in sizefrom 2 to 200 
nm in diameter and exhibit curved or wavy grain boundaries.  The nanocrystalline 
grains are thermally stable up to 300°C.  Above 300°C, grain growth occurs with an 
activation energy of ~ 32 kJ/mol.  Below the deformation layer, the microstructure is 
characterized by submicron grains, complex structure of dislocations, sub-boundaries, 
and Moiré fringes depicting overlapping grains.   The deformation layer does not 
exhibit the presence of a continuous β phase, however below the deformation layer; a 
continuous β phase along the grain boundaries is present. 
In general the highest hardness and yield strength is at the UIT surface which 
is attributed to the formation of nanocrystalline grains.  Although the highest hardness 
and yield strength was observed at the UIT surface, the results were mixed with some 
lower values.  The lower hardness and yield strength values at the UIT surface are 
attributed to the voids and micro cracking/micro voids observed in the deformation 
layer.  The fracture mode was transgranular ductile fracture with micro void 
coalescence and dimples.  Both UIT and untreated material exhibit similar levels of 
intergranular corrosion susceptibility.  Corrosive attack was intergranular with 
slightly deeper attack in the untreated material.   
 Numerical simulation modeling showed that the calculated residual stress 
under the tool, ~80 MPa, is of the same order of magnitude as the compressive 
residual stresses measured by XRD measurements near the surface.   Modeling also 
  
showed that high effective strains were induced almost immediately.  The UIT 
process also resulted in rapid localized heating to a maximum temperature of ~32°C 
during the first eleven pin tool cycles.  The model also showed that during UIT 
processing, the material undulates as the pin tool impacts and retracts f om the 
surface of the material.  The undulations represent the elastic re ponse of the surface 
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Chapter 1: Introduction 
1.1 Background 
 The most commonly used aluminum alloys in Navy ship construction are the 
5xxx series marine-grade aluminum-magnesium (Al-Mg) alloys.  This is becaus  they 
have high as-welded strength and are weldable, formable, and highly corrosion 
resistant.  Aluminum magnesium alloys are non-heat treatable alloys that derive their 
strength from solid solution strengthening and strain hardening.  Of these alloys, the 
Navy has extensive experience with 5456-H116 for deckhouse structures on older 
classes of surface ships and in the construction of small high-speed, high performance 
ships.  In service experience, these structures have been characterized by cracking due 
to low fatigue, corrosion fatigue and stress corrosion cracking (SCC).   
On-going cracking issues on aluminum superstructures of Navy surface 
combatants prompted the investigation of ultrasonic impact treatment (UIT) as a 
technique to improve SCC resistance.  Ultrasonic impact treatment is a mechanical 
surface treatment similar to methods such as shot peening, laser shock peening, and 
deep rolling that is used to generate severe plastic deformation (SPD) in the sub-
surface layers of metals.  Severe plastic deformation techniques, such as UIT, have 
been shown to produce fine grain microstructures and alter the material properties 
without changing the chemical composition [1,2,3,4].   Ultrasonic impact treatment in 
particular, has been shown to lead to the formation of highly developed 




provides significant hardening in the material’s surface layer, th eby increasing the 
material’s resistance to fatigue, wear, and corrosion [5,6].  
Currently, the Navy is using UIT experimentally to reduce residual stress on 
the surface of the material in order to mitigate cracking susceptibility in 5456-H116 
aluminum alloy superstructures.  Ultrasonic impact treatment is being used as part of 
crack repair welding and to treat affected areas prior to and during structural rip-out 
and re-installations.   Ultrasonic impact treatment is used to treat the surrounding base 
metal prior to excavation of cracks for weld repair and to treat the root pass of each 
weld.    
 Although the results of the UIT experimental work on Navy ships have been 
successful to date, the effect of UIT on the material properties and microstructure of 
5456-H116 material is not thoroughly understood.  The literature shows that UIT 
leads to the formation of highly developed dislocation/grain microstructures and 
causes compressive residual stresses in 7075-T6511 aluminum, and 2024-T351 
aluminum [3,6].  However, research on the effects of UIT on 5456-H116 has not been 
accomplished.  This study aims to correlate the effects of UIT on the material 
properties to the microstructural changes imparted by UIT and to evelop a 
fundamental understanding of the mechanisms that cause material property changes.   
 
1.2 Pure Aluminum 
Aluminum crystallizes with a face centered cubic (FCC) lattice structure that 
is stable from -269.2°C (4°K) to the melting point of 660.3°C (933.4°K) and does not 




4.0414 Å at 25°C [9].  The effect of most alloying additions is small with the 
exception of magnesium at the limit of equilibrium solubility which expands the 
lattice to 4.117 Å [9].   The elements with the greatest solid solubility in aluminum 
are zinc, silver, magnesium and lithium, all greater than 10 atomic percent (at.%) [7].     
    
1.2.1 Binary Al-Mg System  
Aluminum-magnesium alloys are non-heat treatable binary alloys that derive 
their strength from solid solution strengthening and strain hardening.  Ma nesium has 
considerable solubility in solid aluminum, however binary alloys do not show 
significant precipitation hardening characteristics with magnesium concentrations 
below 7.0 weight percent (wt. %) [8]. The magnesium concentration available 
commercially for wrought Al-Mg alloys range from 0.5 to 6.0 wt. % [10].  Increasing 
magnesium concentration increases the strength of aluminum without 
disproportionately decreasing the ductility.  Strength increases up to a proximately 
12 to 14 wt. % magnesium, higher magnesium content results in aged alloys that are 
too brittle for use [9].  Figure 1 shows the effects of magnesium content on the tensile 
strength, yield strength, and elongation of wrought Al-Mg alloys [11]. 
Of the commercially available wrought Al-Mg alloys, 5456 has the second 
highest concentration of magnesium, 4.7 to 5.5 wt.%.  Aluminum 5456-H116 is a 
strain hardened, corrosion resistant temper where the H116 temper designation 
indicates that the product was strain hardened [12].  The digit following the H1 




mechanical properties are different but close to those with a two digit H temper 












Figure 1. Effect of magnesium content on tensile strength, yield strength, and elongation [11] 
 
 
  The maximum solid solubility of Mg in aluminum, Figure 2, is 18.9 at % or 
17.4 wt.% at 450°C [7].  The Al-Mg supersaturated solid solution decomposes into an 
equilibrium phase Al3Mg2 or β phase.  The precipitation of β phase in Al-Mg occurs 
by the following sequence [13]: 
 





where sssα is supersaturated solid solution, GP is the Guinier Preston zone, β” is an 
L12 ordered phase with an Al3Mg composition, β’ is a semi-coherent hexagonal 
intermediate phase with an approximate Al3Mg2 composition and then finally β [13].   
The β phase has a complex FCC structure with 1173 atoms per unit cell and a lattice 
parameter, ao = 28.13 Å [7].   β phase forms a eutectic with aluminum at 37.4 at.%  
(35 wt. %)  and has a homogeneity range extending from 37.5 at.% (35.1 wt.%)  to 40 
at.% between 0 to 400°C, Figure 1 [7].  The β phase can only be redissolved by 






















 Aluminum-magnesium alloys also contain small additions of other transition 




and manganese or chromium to correct for the corroding effect o  iron [9].     Copper 
is added to reduce pitting corrosion and zinc to enhance castability and stre gth [9].   
Elements such as boron are added as grain refiners, beryllium and lithium to reduce 
the oxidation of magnesium at high temperature.  Silicon which is a master alloying 
element is added to Al-Mg to improve fluidity [9].  The chemical omposition limits 
for aluminum 5456 in accordance with ASTM B928 Standard Specification for High 
Magnesium Aluminum Alloy Sheet and Plate for Marine Service and Similar 
Environments are shown in Table 1 [10]. 
 The elemental additions of zinc and manganese are important as they have an 
influence on the corrosion resistance of Al-Mg alloys [14].  Zinc has been shown to 
promote magnesium precipitation inside the grains thus reducing the formation of β 
phase along the grain boundaries.  Manganese can also reduce the precipitation of β 
phase along the grain boundaries because the formation of manganese dispersoids 
provides alternative precipitation sites.  This disrupts magnesium d ffusion to the 
grain boundaries thus reducing the formation of β phase at the grain boundaries.    
 
Table 1.  Chemical Composition Limits for 5456 [10] 
 




Manganese 0.50 to 1.0 
Magnesium 4.7 to 5.5 
Chromium 0.05 to 0.20 
Zinc 0.25 
Titanium 0.20 
Other Elements 0.05 each, 0.15 total 
Aluminum Remainder 





Al-Mg alloys containing more than 3 wt.% magnesium can develop a 
susceptible microstructure or become sensitized when exposed to elevated 
temperatures (> 50°C) for a prolonged period of time [15,16,17].  I. Oguocha et al.  
showed that aluminum 5083 could be sensitized after 168 hours at 175°C [15].  
Sensitization results from the formation of a continuous network of β-phase at the 
grain boundaries [15].  The β-phase has been observed to occur initially at the grain 
boundary triple points and then along the grain boundaries [18].  Precipitation has 
also been observed at the interface between the matrix and Al6Mn dispersoids and 
eutectic constituent particles [18].  The β-phase is anodic to the adjacent metal matrix 
thus the grain boundaries become highly susceptible to SCC and intergra ular 
corrosion cracking (IGC) which is a localized type of attack at the grain boundaries, 
resulting in the loss of strength and ductility.  The β-phase has also been observed to 
nucleate and grow intragranularly in Al-Mg alloys, however, intragranular β-phase 
does not contribute to IGC because it is not part of a continuous grain boundary 
network [19].    Because of concerns with SCC and IGC, commercially available 
wrought Al-Mg alloys usually do not  exceed 5.5 wt.% Mg. [12].   Figures 3 and 4 
show the microstructures of sensitized Al-Mg with a continuous network of β-phase 
along the grain boundaries and non-sensitized Al-Mg, respectively [21]. 
A continuous network of β phase can also form at room temperature in 
heavily cold worked materials over a number of years [7].  While exposure to slightly 
elevated temperatures over a prolong period of time results in a continuous network 




coarsening of the precipitates [7].  Coarse precipitates result in a discontinuous grain 
boundary structure which reduces or eliminates SCC susceptibility.   
The degree of susceptibly to corrosive attack at a grain boundary has been 
found to depend on the grain’s crystallographic orientation with low angle boundaries 
being more resistant to attack than high angle grain boundaries [15,17].  Low angle 
grain boundaries have been defined as having < 15° and high angle grain boundaries 
as having >15° [20].  Stress corrosion cracking and IGC susceptibility has also been
found to depend on sensitization time and temperature with a critical temperature 






















































Figure 4.  Non-sensitized Al-Mg [21] 
 
  
 With increasing sensitization time and temperature, a loss in the tensile and 
hardness properties can occur which is attributed to softening caused partly by a 
decrease in magnesium solute in solid solution concentration [15].   
 
1.4 Stress Corrosion Cracking 
 
Stress corrosion cracking occurs when a material is under the combined action 
of a continuous tensile stress and in a corrosive environment such as seawater.  Stress 
corrosion cracking attack is usually intergranular therefore SCC susceptibility 
depends on the microstructure, particularly along the grain boundaries.  For all 
wrought alloys, SCC susceptibility is the greatest in the plane where the most 
continuous grain boundary path is available.  Thus in Al-Mg alloys, sensitiz d alloys 




phase.  Stress corrosion cracking does not occur in alloys containing less than 3 wt. % 
magnesium because these alloys do not sensitize.      
 Stress corrosion cracking can occur either when tensile stresses approach the 
yield strength of the material or at low stresses depending on the orientation.  
Namely, in the longitudinal or transverse directions, SCC may occur when the 
stresses are on the order of the yield strength.  In the short transverse direction, SCC 
can occur at low stresses. 
 The fabrication processing of Al-Mg can also alter the type of corrosion 
observed after sensitization.  If the material is fabricated with elongated, 
unrecrystallized grain structure, it will be more susceptible to SCC in the short 
transverse direction; however, it would be resistant to SCC in the longitudinal 
direction.  If the fabrication results in equiaxed, recrystallized grains, Al-Mg will be 
susceptible to IGC and SCC in all orientations.  [22].   
 
 
1.5 Plastic Deformation 
 
Aluminum has a high stacking fault energy (SFE – 250 mJ/m2) therefore 
plastic deformation occurs primarily by dislocation slip [23].  Slip occurs most 
readily in a specific direction on certain crystallographic planes.  In general, the slip 
plane is the plane of greatest atomic density and the slip direction is the closest 
packed direction within the slip plane.  Aluminum which has a FCC lattice structure 
has twelve potential slip systems.   For aluminum alloys at or below room 
temperature, slip is in the {111} planes and in the <110> directions [9].   Slip may 




<131> directions.  Simultaneous slip or multiple slip in two directions may also occur 
which results in odd plane slip.  For example, simultaneous slip in the [101] and [110] 
directions would result in odd plane slip in the [211] direction.  The magnitude and 
direction of slip is defined by the Burgers vector b. For aluminum and other FCC 
metals, the Burgers vector is given by Equation 1 [24]. 
 
  	
  110                 (1) 
 
Slip is the displacement of planes oriented in the direction of highest resolved 
shear stress or critical resolved shear stress (CRSS).  The value of the CRSS depends 
on composition and temperature.  The critical resolved shear stresse for aluminum 
are roughly 7.9 x 105 N/m2 and increases with decreasing temperature [23].  Slip is 
not a continuous process but rather takes place when the stresses build up until they 
reach the CRSS.  Displacement along each slip plane may range f om a few atoms to 
thousands of atoms and slip usually occurs as a band composed of a group of slip 
planes.  The amount of deformation has an effect on the number of slip planes; the 
higher the deformation, the larger number of slip planes.  Figure 5 shows the 








































1.6 Severe Plastic Deformation Techniques 
 
Severe plastic deformation techniques have been shown to be effective 
methods for producing fine grain structure in metals [3,25,26,27].  The most common 
SPD techniques available are equal channel angular pressing (ECAP) and high 
pressure torsion (HPT).  Severe plastic deformation techniques use very high plastic 
strains to produce fine grain structure that exhibit high yield streng h, low strain 
hardening, and improved corrosion properties [3,28].  Severe plastic deformation is 





1.6.1 Ultrasonic Impact Treatment 
 
The UIT process was originally developed in Russia in the early 1970’s for 
the shipbuilding industry [29].  Currently, the technology is also employed for other 
industries such as transportation and pipe oil and has been used to treat 2XXX, and 
7XXX aluminum alloys and steels.     
The UIT process involves the use of a pin tool that behaves like an ultr sonic 
transducer that outputs continuous ultrasonic impulse or vibrations at the ultrasonic 
transducer output end to the treated surface.  The technology is based on converting 
the ultrasonic oscillations of the transducer into impulses of ultrasonic impacts at the 
output end [3,5,29].  The output end employs needle indenters, strengthened with 
hard materials such as carbide containing alloys or artificial di monds that are 
directed at the surface and are in continuous contact with the surface of the material 
[3,5,29].  Figure 6 shows a schematic diagram of the ultrasonic impact tool where; 1) 
is the magnetostrictive transducer 2) the waveguide 3) the indenter, 4 ) the treated 
surface, I) ultrasonic oscillations, II) impact pulses  [29].   Thecontinuous ultrasonic 
impact creates high rate straining and heating near the material su face which results 
in severe plastic deformation.  The high rate straining generates energetically stable 
dislocation cells in aluminum alloys resulting in stable compressiv  residual stresses 





























Ultrasonic impact treatment is a technique that results in SPD near the surface of 
materials resulting in the formation of highly developed dislocation and grain 
microstructures that alter the material’s properties.  The microstructural changes 
imparted by UIT and the mechanisms that result in material property changes are not 
thoroughly understood. 
The main objectives of this thesis are twofold: 
1. To correlate the effects of UIT on the properties of 5456-H116 alloys to the 
microstructural evolution of the alloy  
2. To develop a fundamental understanding of the mechanisms that cause the 
microstructural evolution. 
The effects of UIT on the microstructure of aluminum 5456-H116 were 
investigated through material properties testing and microstructural characterization 
techniques.  The work included investigation of the plastic deformation imparted by 
UIT on sensitized 5456-H116 plate.  Work also included investigation of untreated 




Chapter 2: General Procedures 
 
2.1 Base Metal Properties 
The 5456 material was procured from a US naval combatant.  The materials 
evaluated for this work included treated UIT samples and non- treated s mples.  The 
UIT treatment was provided by Applied Ultrasonics, Inc.  The Esonix UIT equipment 
consisted of an indenter with four pins.  Each pin had a pin tip radius of 3 mm.  The 
UIT equipment was operated at a frequency of 27 kHz and power consumption of 80 
volts and 11.2 amps.  The treatment amplitude was 22 µm and travel speed was 10 
cm/minute.  Figure 7 shows a large sensitized 5456 plate with UIT processing and 
untreated areas and the plate orientations; samples for microscopy and materials 
testing were obtained from both areas.    Figure 8 shows a sample obtained from a 
larger piece of material treated by UIT.  The figure shows some gaps in the treatment 
of the surface due to the fact that it is a manual process and subject to operator error.  
There is also some overlap in indentations.  Figure 8 shows schematics of he planar 





























Figure 7.  Large sensitized 5456 plate showing UIT and untreated areas; samples for microscopy 
were obtained from both UIT and untreated areas; x-direction is along the length of the plate, y-









































The chemical composition of the base metal was analyzed by direct current 
plasma emission spectroscopy at Luvak, Inc.  The results of the chemical analysis are 
provided in Table 2 along with the requirements for 5456 in accordance with ASTM 
B928 Standard Specification for High Magnesium Aluminum-Alloy Sheet and Plate 
for Marine Service and Similar Environments [10].  The results of the chemical 
analysis show conformance to the specification requirements with the exception of 
magnesium which is slightly less than the range specified by ASTM B928 [10]. 
 





ASTM B928 Requirements (maximum 
unless shown as a range) 
Silicon .16 .25 
Iron .19 .40 
Copper .061 .10 
Manganese .67 .50 to 1.0 
Magnesium 4.6 4.7 to 5.5 
Chromium .073 .05 to .20 
Zinc .063 .25 
Titanium .014 .20 
Total Others <.15 .15 
Aluminum Remainder Remainder 
 
 
2.2 Intergranular Corrosion Testing Procedure 
 
Testing of the base metal for intergranular corrosion susceptibility was 
performed in accordance with ASTM G67 Standard Test Method for Determining the 
Susceptibility to Intergranular Corrosion for 5XXX Aluminum Alloys by Mass Loss 




accordance with the standard procedure and a modified procedure as explined 
below.  
Specimens measuring 50 mm x 6 mm were sectioned from a large plate and 
tested for volumetric mass loss for the standard test.  Specimens were immersed in 
concentrated nitric (HNO3) acid solution at a test temperature of 30 ±0.1 °C for 24 
hours.   
Specimens measuring 25 mm x 25 mm were sectioned from the larger plate 
with a SiC abrasive cut-off saw blade for the modified test.  The test procedure was 
modified from a volumetric test to a test in which only one surface was exposed to 
nitric acid using a special Teflon test cell.  Both UIT treated and untreated surface 
areas measuring approximately 175 mm2 were exposed to HNO3 acid solution with a 
test temperature of 30 ±0.1 °C for 24 hours in order to determine the mass loss on the 
UIT and untreated surfaces.  The mass loss was determined by obtaining the 
difference between the mass pre and post exposure to HNO3 acid. 
 
2.3 Confocal Microscopy 
 
Surface roughness measurements were obtained using a Zeiss LSM 510 confocal 
microscope.  Samples measuring approximately 15 mm x 15 mm were sectioned from 
a larger plate using a SiC abrasive cut-off saw blade.  Confocal mi roscopy was 






2.4 Scanning Electron Microscopy (SEM) 
 
 
2.4.1 Specimen Preparation 
 
Specimens measuring approximately 15 mm x 15 mm were sectiond from a 
larger plate with a SiC abrasive cut-off saw blade.  Cross-sectional specimens were 
mounted in either a castable epoxy resin or thermosetting epoxy compound.  The 
specimens were polished on a Stuers Abropol 2 automated polisher using an initial 
grinding plane with 120 grit SiC grinding paper at 100 N force for 30 seconds.   The 
specimens were subsequently polished with 180 grit, 240 grit, 320 grit, 400 grit, 600 
grit, and then a fine grit plane with 1200 grit SiC grinding paper.  The specimens 
were polished with 100 N force for 30 seconds at each grit size.  Following grinding 
with SiC grinding paper, the specimens were polished with 9 µmol diamond 
suspension at 100 N force with an alcohol based lubricant for 5 minutes.  The 
specimens were then given a polish with 3 µmol diamond suspension with an alcohol 
based lubricant.  Final polishing was with 0.04 µm neutral colloidal silica for 5 
minutes.   
 
2.4.2 SEM Operating Parameters 
 
Scanning electron microscopy analysis was performed using a Hitachi 660 
scanning electron microscope with an operating voltage of 15 kV at various 







2.5 Optical Microscopy (OM) 
  
 
2.5.1 Specimen Preparation 
 
Specimens measuring approximately 15 mm x 15 mm were section d from a 
large plate with a SiC abrasive cut-off saw blade.  Planar and cross-sectional 
specimens were mounted in either a castable epoxy resin or thermosetting epoxy 
compound.  The specimens were polished on a Stuers Abropol 2 automated polisher
using an initial grinding plane with 120 grit SiC grinding paper at 100 N force for 30 
seconds.   The specimens were then subsequently polished with 240 grit, 320 grit, 400 
grit, 600 grit, and then a fine grit plane with 2400 grit SiC grinding paper.  The 
specimens were polished with 100 N force for 30 seconds at each grit size.  Following 
grinding with SiC grinding paper, the specimens were polished with 3 µmol diamond 
suspension at 100 N force with a lube of 5 and suspension of 7 for 5 minutes.  Th  
specimens were then given a final polish with oxide polishing suspension (OP-U) on 
Chem polishing cloth at 100 N force for 2 minutes.  The specimens that were 
examined optically under polarized light were etched in a Barker’s r agent (1.8% 
HBF4 in water) for 3 minutes.  The specimens that were examined optically for β 
phase were etched with a 40% phosphoric acid for 3 minutes at 35ºC (95ºF).   
 
2.5.2 OM Operating Parameters 
 
Optical metallography and images were taken with a LECO Olympus optical 
microscope and Nikon digital camera at various magnifications.  Cross polarized light 





2.6 Electron Backscatter Diffraction (EBSD) 
 
2.6.1 Specimen Preparation 
 
Specimens measuring approximately 15 mm x 15 mm were sectioned from a 
large plate with a SiC abrasive cut-off saw blade.  Planar and tr sverse (cross-
sectional) slices of ~0.5 mm in thickness were obtained from the specimens.  Figure 8 
shows schematics of the planar and transverse orientations.  Planar s mples were 
polished on the UIT surface while transverse samples were polished transverse to the 
UIT surface.    The specimens were prepared by mechanical polishing.  The 
specimens were mounted in either a castable epoxy resin or thermosetting epoxy 
compound.  The specimens were polished on a Struers Abropol 2 automated polisher
with the sequence shown in Table 3.  The final polish was a vibratory polish in 
colloidal silica for 12 hours on a Buehler Vibromet.    
 
 
Table 3. Mechanical polishing sequence for EBSD experiments 
 




SiC grinding paper 320 grit ~20 12 
SiC grinding paper 600 grit ~20 12 
SiC grinding paper 1200 grit ~20 12 
NAP Polishing cloth 3 µmol diamond suspension 120 5 
NAP polishing cloth 1 µmol diamond suspension 120 3 
Chem Polishing Cloth 
Oxide polishing suspension (OP-U), 
50 mL 
100 3 






2.6.2 Operating Parameters 
 
Electron backscatter diffraction (EBSD) analysis was performed using a 
Hitachi 660 scanning electron microscope with an EDAX detector with a typical 
working distance of 19 mm and accelerating voltage of 15 kV and current of 38 µA.  
Samples were inclined at 65° relative to the normal incidence of the electron beam.  
Data was obtained with the beam scanning over the sample area at v rious 
magnifications.   Automated acquisition and pattern indexing was performed with 
TSL OIM Acquisition v.5 software.  EBSD analysis was performed using TSL OIM 
Analysis v.5.3.1 software. 
 
2.7 Transmission Electron Microscopy (TEM) 
 
2.7.1 Sample Preparation 
Electron backscatter diffraction samples were used for TEM analysis.  
Following EBSD analysis, the unpolished sides of the samples were m chanically 
polished with 600 grit SiC paper, 2400 grit SiC paper, and 4000 grit SiC paper for 5 
minutes at each grit size.  3 mm TEM discs were removed from the polished samples 
using a South Bay slurry disc cutter with a diamond tool.  The 3 mm discs were 
polished from the back side to ~ 100 µm thickness with a tripod polisher initially with 
30 µm diamond paper and then 15 µm diamond paper.   
Additional TEM samples obtained from the UIT surface were also used for 
TEM analysis.  The UIT surface was left unpolished to preserve the UIT treated 




parameters described in the previous paragraph.  3 mm TEM discs were removed 
from the polished samples and polished to ~ 100 µm thicknesses with a tripod 
polisher with 30 µm diamond paper and then 15 µm diamond paper. 
2.7.2 Specimen Thinning 
 
The 3 mm TEM discs were electropolished using an Electron Microscopy 
Science Model 550D vertical jet polisher.  The specimens were polished in an 
electrolyte of 25% nitric acid (HNO3) and 75% methanol (CH3OH) at 10 V and -40°C 
achieved using a bath of dry ice in methanol.  Specimens were electropolished on 
both sides for approximately 3 to 4 minutes per side or until a hole was detected by 
the polisher.  The samples obtained near the UIT surface were only electropolished n 
the mechanically polished side to preserve the UIT treated surface.  After 
electropolishing, the specimens were ion milled in a Fischione Model 1010 ion mill 
using the parameters shown in Table 4.  Lastly, the specimens were plasma cleaned in 
South Bay plasma cleaner for 10 minutes on each side. 
Additional specimens were polished in an electrolyte of 10% perchlori acid 
(HClO4) and 90% methanol at 5 V and -40°C using a bath of dry ice in methanol.  
Specimens were polished on both side for approximately 5 minutes per side or until a 
hole was detected by the polisher.  After electropolishing, the specimens were ion 
milled using the parameters shown in Table 4.  The specimens were also cleaned for 







Table 4. Ion milling parameters for TEM sample preparation of 5456 aluminum 
 
kV mA Rotation (°) Degree Time (min) 
Specimens electropolished in 25%  HNO3 in 75% methanol 
5 5 360 15 5 
5 5 360 10 5 
3 4 360 8 5 
1 3 360 5 5 
Specimens electropolished in 10% HClO4 in 90% methanol 
6 5 360 45 30 
5 5 360 15 30 
3 4 360 8 15 
1 0.3 360 6 15 
 
 
2.7.3 TEM Operating Parameters 
 
All TEM analysis was performed on a JEOL 2100 LaB6 nd JEOL 2100 field 
emission gun (FEG) TEM.  Analysis was carried out with an accelerating voltage of 
200 kV and beam current of 106 µA for the LaB6.  Energy dispersive x-ray 
spectroscopy (EDS) was performed using an Oxford INCA 100 EDS system in the 
JEOL LaB6 and Oxford INCA 250 EDS system in the JEOL FEG-TEM.  In-situ 
temperature TEM analysis using a heating stage was performed with a Gatan heating 
holder and Smart Heater controller in the LaB6 TEM.   
 
2.8 X-ray Diffraction 
 
Specimens measuring approximately 10 mm x 10 mm were sectioned from a 
large UIT plate with a SiC abrasive cut-off saw blade.  Samples for X-ray diffraction 
(XRD) were prepared using the EBSD polishing procedure described in s ction 2.6.1.  




obtained as a function of depth and at the UIT surface.  The UIT surface was not 
polished in order to preserve the treatment.  X-ray diffraction measur ments were 
obtained using a 18 kW Riguka diffractometer with a bent graphite monochromator 
and a resolution of ∆q = 0.012qo (Å
-1) operating at 50 kV and 100 mA.  In a 
diffractometer, the intensity of the diffracted beam is measured directly by an 
electronic counter that converts incoming x-rays into current pulses.  The current 
pulses are counted as current pulses per unit and this number is directly p oportional 
to the intensity of the x-ray beam.   
Residual stress measurements were also obtained using XRD.  The XRD 
measurements were outsourced to TEC Materials Testing Division and performed in 
accordance with ASTM E915 [31].  Measurements were obtained as a function of 
depth from the UIT surface.   
   
2.9 DEFORM 3D Modeling  
 
The surface roughness measurements for untreated material were used to 
develop the DEFORM 3D™ model and the results of the model compared to 
analytical data obtained through X-ray diffraction measurements.  The DEFORM 
3D™ model was developed by Dr. David R. Forrest at the Naval Surface Warfare 







2.10 Micro specimen tensile testing and Microhardness Measurements  
 
Micro specimen tensile testing was performed using specimens that were 
sectioned from UIT and untreated material as shown in Figure 7.   The specimens 
were prepared by electrode discharge machining and measured ~ 3 mm L x 1 mm W 
x 207 µm T with a gage section of 250 µm2.  Micro indentations measuring 70 µm 
between indents were also made on the specimens for non-contact strain 
measurements.  Testing was accomplished in a Micro Material Testing System 
(µMTS) utilizing a 44.43 kN load cell, a piezo stack with a stroke f 180 µm, a non-
contact interferometer system, and control software.   Samples for hardness 
measurements were also obtained from the larger plate shown in Figure 7.  Micro 
hardness measurements were obtained as a function of depth from the surface.  
Tensile testing and microhardness measurements were accomplished in a 
collaborative effort with Dr. Marc Zupan at the University of Maryland Baltimore 
County. 










Chapter 3: Metallurgy and Crystallographic Texture of 
Aluminum 5456 Plastically Deformed by UIT 
 
3.1  Introduction 
 This chapter presents the study of the microstructure of UIT treated and 
untreated sensitized 5456 aluminum at the macroscopic and microscopic level using 
SEM, OM, and EBSD.  This study contributes to the understanding of the effects of 
SPD on the grain structure including grain size measurements, grain orientation, and 
crystallographic texture of Al-Mg alloys.   
 Severe plastic deformation techniques have been shown to produce fine grain 
structuring in materials without changing the chemical composition.  Research 
indicates that grain refinement to an ultrafine crystalline state with grain size ranging 
from 100 nm to 1 µm and nanocrystalline state with grain size less than 100 nm ca  
have an effect on the material’s properties [3].  The UIT process ha  been shown to 
produce average grain sizes of approximately 4.13 µm at a depth of 2.6 µm in 2024-
T351 aluminum as compared to the base metal which has an average grain size of 
16.52 µm at the same depth [3].  The grain structure was determined to consist of 
equiaxed nanograins of 8 to 10 nm at the top surface; equiaxed ultrafine gra s mixed 
with micro bands at a depth of ~ 3 to 5 µm below the surface; and refi ed grains at a 
depth of 10 µm below the surface [3].  At a depth of 34.5 µm, the grain sizes for UIT 
material and base metal are similar and range from 36 to 39 µm [3]   The work 
reported by X. An et al. used UIT processing parameters with a frequency of 36 kHz, 




cm/min and 100 cm/min which differ from the UIT parameters used for this study 
that are presented in section 2.1 [3].  Further study by TEM showed the presence of a 
nanocrystalline layer with average grains on the order of 8 to 10 nm.  X. An also 
reported that a larger amplitude and slower feed rate resulted in small average grain 
size at the subsurface.   
 Work by X. Wu et al. demonstrated that a  similar technique, ultrasonic shot 
peening (USSP), can induce ultrafine grain structures in aluminum 7075 [25]. 
Ultrasonic shot peening involves the use of a shot transferred to the component by 
means of a high frequency ultrasonic wave inside of a chamber.  For this particular 
work, 7.5 mm stainless steel shots were transferred with a high-energy ultrasonic 
generator with a frequency of 20 kHz [25].  The average grain size ~ 8 µm from the 
top surface was reported to be reduced to ~ 47 nm.   The research also showed the 
presence of parallel, extended micro bands with interior elongated subgrains at a 
depth of ~ 60 µm from the treated surface and equiaxed, submicron-grain structure at 
~ 50 µm from the treated surface [25].  The micro bands were ~ 0.6 to 1.0 µm wide 
and 3 to 12 µm long.  The submicron grain structured varied from less than 200 nm to
500 nm [25].        
Preferred orientation or crystallographic texture in aluminum alloys is more 
pronounced the larger the amount of deformation.  Texture is hardly noticeable when 
deformation is below 10 to 15 percent [9].  Between 40 to 50 percent deformati n, 
texture is still diffuse and does not become more pronounced until the deformation is 
above 70 to 80 percent [9].  The texture near the surface will vary with the 




same regardless of the deformation method.  Crystallographic texture in Al-Mg alloys 
that have been heavily deformed by SPD processes such as ECAP and cold rolling 
has been extensively studied, however not by processes such as UIT [32,33,34]. 
 Crystallographic texture can be described through the use of a p le figure 
which is a stereographic projection of a three dimensional orientatio  on a unit sphere 
in a two dimensional plane [20,35].  The basis of the stereographic projection is the 
intersection of crystallographic poles with the plane normal on the surface of the 
sphere.  The two dimensional projections directly map the angular relationships 
between projected normals and give a graphic representation of the orientation 
relationships. Figure 9 shows the stereographic projection of the (111) plane and the 
associated pole figure [35].   If crystallographic texture exist, the poles will tend to 
cluster together into certain areas of the stereographic projection as shown in the 

















































3.2.1 Scanning Electron Microscopy of UIT Sensitized 5456 
The topography of the UIT material was examined in the SEM to observe for 
any damage on the material surface.  The samples were observed at 25X, 50X and 
250X magnifications.  In general, the results indicated that the UIT treatment do s not 
cause gross damage to the surface of the material; however, there wer  some flaws 
that appeared to be micro cracking or micro tearing.    Figures 11 and 12 show the 
presence of flaws that appear to be micro cracks or micro tears on the surface of a 
UIT indentation.  The SEM images reveal the randomness of the UIT indentations 
which is due to the manual nature of the UIT process.  The indentations vary slightly 
in size with some measuring 3 mm x 3 mm and others measuring 3.5 mm x 5 mm.  




some of the indentations may be due to overlapping indentations.   Micrographs were 
also obtained in the transverse orientation at 2000X and 4000X to examine the 
physically deformed UIT layer.  Figures 13 and 14 show that the UIT process results 
in tearing and void formation below the deformation layer.  There is a distinct 
separation or delamination between the deformation layer and the adjacent metal 


















Figure 11.  Scanning electron microscopy image showing the surface topography of UIT treated 































Figure 12.  Scanning electron microscopy image showing the topography of UIT treated 























Figure 13.  Scanning electron microscopy image showing the cross section of UIT deformation 
layer with tearing and void formation at 2000X 




























Figure 14.  Scanning electron microscopy image showing the cross section of UIT deformation 
layer with tearing, void formation, and separation between the deformation layer and the metal 




3.2.2 Optical Microscopy of UIT and Untreated Sensitized 5456 to Examine for β 
phase 
Figure 15 shows an optical micrograph obtained at 100X of a sample etch d 
with 40% phosphoric acid in the transverse orientation.  The micrograph reveals the 
presence of a continuous network of β phase below the physically deformed UIT 
layer.  ASTM G67 testing of the material revealed a mass loss of 52 mg/cm2 which is 
considered to be severely sensitized.  In accordance with ASTM G67, a mass loss of 




UIT treatment can vary the depth of the deformation layer from approximately 10 to 


























Figure 15.  Transverse cross section of UIT treated sensitized 5456 showing continuous network 
of β phase 
 
 
3.2.3 Optical Microscopy of UIT and Untreated Sensitized 5456 Under Polarized 
Light 
Optical microscopy of UIT and untreated 5456 shows a difference in the grain 
size of the material.  Under polarized light at a 50X optical magnification in the 
planar orientation, the UIT material shows some grain refinemet.  However grain 
size measurements were not obtained from the optical micrographs.  Grain size 
measurements were obtained from EBSD images and TEM images as presented in 
~ 18 µm 
~10 µm 
Continuous 
network of β 





section 3.2.4 and 4.2.1.1, respectively.  Optical micrographs of UIT and untreated 
material in the planar orientation are shown in Figures 16 and 17, respectively. In the 
transverse orientation, as shown in Figures 18 and 19, the grains have various sizes 
with an elongated grain structure which is representative of a rolled a uminum plate 


























































































































3.2.4 Electron Backscatter Diffraction of UIT and Untreated Sensitized 5456  
 
Electron backscatter diffraction analysis was performed for both UIT and 
untreated material in the planar and transverse orientations below the UIT treated 
surface. The samples were examined approximately 100 µm (planar orientation) and 
250 to 300 µm (transverse orientation) below the UIT surface.  Electron backscatter 
diffraction surface preparation requires a mirror polish finish. Therefore the 
deformation layer was removed from the UIT sample in the planar orientation.  
Figures 20 and 21 are the inverse pole figures (IPF) which show the grain orientation 
of the UIT and untreated material, respectively, in the planar orientation at a 




appear to be random which indicate that the material has a rather weak 
crystallographic texture.  The grain boundary angle map shown in Figure 22 for the 
UIT treated material indicates that a 0.33 fraction of the grain boundaries are consider 
low angle grain boundaries (green and red boundaries) with boundary angles less than 
15° and 0.63 fraction of the grains have high angle grain boundaries (blue
boundaries) with boundary angles greater than 15°.  For the untreated material, the 
grain boundary angle map, Figure 23, shows that only 0.2 fraction of the grains can 
be considered low angle grain boundaries while 0.75 fraction of the grains are high 
angle grain boundaries.   The distributions of grain boundary angles are also 
represented in the histograms of the grain boundary misorientations or McKenzie 
plots in Figures 24 and 25 for UIT and untreated material, respectively.  Both 
distributions of grain boundary orientations show that the mean boundary 
misorientation angle is ~ 40° which is characteristic for randomly oriented grains 
[37].  Strongly textured materials also have a large fraction of low angle grain 
boundaries.  Based on the grain boundary angle maps, grain boundary miso ientation 
and grain orientations observed in the IPF, both the UIT and untreated marial have 
weak crystallographic texture.  The grain boundary angle maps show the presence of 
marks that appear to be scratches on the surface; however they did not affect the 
EBSD analysis.      
The grain sizes measured by EBSD show slight grain size reduction in the 
UIT material.  The grain size maps do not reveal the presence of ultrafine or 
nanocrystalline grains, however, the maps show that there is slight grain size 




shown in Figure 26 for the UIT material shows that a 0.3 fraction of the grains have 
an average grain size diameter of ~44 µm.  The remaining grains are less than 33 µm 
with ~ 0.06 fraction that are less than 10 µm.  For the untreated material, the 
distribution of grain sizes shown in Figure 27 indicates that 0.4 fraction of the grains 
have average grain size diameters that range from  45 to 53 µm.  The remaining 
grains have an average grain size diameter of 34 µm or less with a ~0.05 fraction with 
grain size diameters of less than 10 µm.  
Although EBSD only showed slight grain reduction, TEM analysis showed 
significant grain reduction for the UIT material.  The TEM images, section 4.2.1.1, 
showed the presence of nanocrystalline grains ranging in size from 2 to 200 nm in the 
UIT material.  This discrepancy was due to the fact that EBSD was obtained from a 
subsurface region of the sample while TEM images were obtained from the surface of 












































































Figure 22.  Grain boundary angle map of UIT treated sensitized 5456 aluminum at 500X in the 


































































































































 Figures 28 and 29 show the IPFs for UIT and untreated material, r spectively, 
in the transverse orientation at a magnification of 500X.  For the UIT and untreated 
material, both IPFs show elongated grains that are characteristi  of rolled aluminum 
plate product with random grain orientations.  The IPFs also show that the grain 
orientations for both the treated and untreated materials are random which indicates a 
weak crystallographic texture.  The grain boundary angle maps shown in Figures 30 
and 31 show that both the UIT and untreated material exhibit a large number of high 
angle grain boundaries, >15°.  As previously noted, high angle grain boundaries are 
more susceptible to SCC.  Although the grains are not equiaxed, the grains are 
elongated recrystallized grains which makes the material more susceptible to 
intergranular corrosion.  The fraction of high angle grain boundaries for both the UIT 
and untreated material are approximately a 0.90 fraction with the UIT treated material 
exhibiting a slightly higher fraction of high angle grain boundaries.  The McKenzie 
plots shown in Figures 32 and 33 show a mean boundary misorientation angle of ~ 
40° for both UIT and untreated material which is characteristic of materials with 
weak crystallographic texture.  The IPFs, grain boundary maps, grain boundary 
misorientations for the UIT and untreated material in the transverse orientation are 
consistent with the results for the UIT treated and untreated material in the planar 
orientation. 
 The grain size maps for the UIT treated and untreated material in Figures 34 
and 35 reveal similar average grain sizes.  For the UIT material, more than 0.5 
fraction of the grains have an average grain size diameter between 25 to 38 µm.  The 




untreated material also shows a 0.45 fraction of grains with average grain size 
diameters between 25 to 34 µm.  A small fraction of the grains, 0.03, have an average 
grain size diameter of 1.14 µm.  The grain size maps do not reveal the presence of 
ultrafine or nanocrystalline grains.  In the transverse orientato , he grain size 
reduction between the UIT and untreated material is not as obvious as it w s in the 






















































































Figure 30.  Grain boundary angle map for UIT treated sensitized material in the transverse 










































































































































3.2.5 Crystallographic Texture of UIT and Untreated Sensitized 5456 
 
Crystallographic texture was examined on the (111) plane because it is the 
dominant slip plane for aluminum alloys and on the (200) plane which is the econd 
dominant orientation.  Figures 36 and 37 show the (111) and (200) pole figures for 
the UIT and untreated material, respectively obtained from planar specimens along 
the rolling direction of the material.  The pole figures show weak crystallographic 
texture for both the UIT and untreated material.  The untreated material, Figure 37, 
shows a very random texture, however the pole figures for the UIT material, Figure 




distributions are similar for both UIT treated and untreated materials.  The texture 
maxima are comparable for both the UIT treated material (6.101 and 7.737) and the 
untreated material (7.192 and 8.176).  It is noted that the texture strength is higher on 


































Figure 36.  Pole figures showing texture analysis of UIT treated sensitized 5456 along (111) and 























Figure 37.  Pole figures showing texture analysis of untreated sensitized 5456 along (111) and 





Texture analysis for the transverse orientations was also examined on the (111) and 
(200) plane.  The results are consistent with the analysis for the planar orientations.  
Both the UIT treated and untreated material exhibited weak crystallographic texture 




UIT treated and untreated materials with texture maxima slightly higher for the UIT 




































Figure 38.  Pole figures showing texture analysis of UIT treated sensitized 5456 along (111) and 






































Figure 39. Pole figures showing texture analysis of untreated sensitized 5456 along (111) and 





X-ray diffraction measurements were also obtained to examine preferred 
orientations.  X-ray diffraction allows one to ascertain the molecular structure of a 
crystalline material by diffracting x-rays through the sample. An XRD analyzer 
obtains interference patterns reflecting lattice structures by varying the angle of 




Measurements were obtained in the transverse orientation at the cross hairs 
(closest to UIT surface along the transverse orientation), just below the UIT surface 
(~0.1 mm) and at depths of 1.5-, 3.0-, 5- mm below the UIT surface.  Measurements 
were also obtained in the planar orientation on the UIT surface.  Measurements were 
obtained from untreated material at the cross hairs, just below the surface, and at the 
same depths (as for UIT sample) below the surface to provide a basis for comparison.   
X-ray intensities were measured at the (111) and (200) reflections.   
For FCC structures, the peak intensity ratio for the (111) reflection/(200) 
reflection is I(111)/I(200) ≈ 2:1 for random orientation of the grains [38].  Figures 40 and 
41  show the (111) and (200) peak profiles of the UIT material (obtained from two 
samples) at various depths below the treated surface.  As shown in Figure 40, at a 
depth of 5 mm below the UIT surface, the treated sample shows comparable peak 
intensities at the (111) reflection and (200) reflection.  With decreasing depth towards 
the surface, the peak intensities at the (200) reflection become stronger and starts to 
dominate at depths of 3 mm and 1.5 mm below the UIT surface as shown in Figure 
40.  The peak intensity ratio I(200)/I(111) is >2:1.   The larger peak intensity at the (200) 
reflections indicates a preferred orientation along the [200] direction.  Just below the 
cross hairs (0.1 mm from the surface), the peak intensity ratio,I(200)/I(111) is ~ 2:1.  At 
the cross hairs, the peak intensity at the (111) reflection are comparable to (200) 
reflection, however the (200) reflection is dominant. Figure 41 shows that at a depth 
of 5 mm, the peak intensity at the (111) reflection is greater than he (200) reflection.  
However, with decreasing depth towards the surface,  the peak intensities for the 




and at the surface.  Although the intensities at the (200) reflection appear to be 
equivalent to the (111) reflection, since the ratio of 2:1 is not satisfied, the intensity at 
the (200) reflection is considered dominant.  The peak profile for the untreated 
material at a depth of 5 mm is shown in Figure 42.  At all depths, the in ensities for 
the untreated material is dominant for the (111) reflection with a ratio of I(111)/I(200) of 
4:3.  Therefore, only one spectrum is shown.  The results show that the UIT process 
induces a preferred orientation along the [200] direction when measured by XRD at a 
transverse orientation to the UIT surface.   
At the cross hairs closest to the UIT surface, Figure 43, the peak profiles for 
the UIT material show a weak peak at 42.4° corresponding to an interplaar d spacing 
of  ~2.05  which differs from the d spacing of 2.02 for the (200) reflection.  The 
presence of the weak peak indicates the presence of a stress resulting in a shift in the 
d spacing of the reflected plane.  The stress cannot be measured from the peak 
profiles; however, the strain can be calculated by measuring the difference in the 
interplanar d spacing between the weak peak (under stress) and the peak at the (200) 
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where dn is the interplanar spacing for the weak peak and d200 is the spacing for the 
(200) reflection.  Equation 2 results in a strain of -0.015 which indicates that part of 


























Figure 40.  X-ray diffraction spectra of UIT material (sample 1) obtained at the surface and 
various depths below the treated surface in the transverse orientation for the (111) and (200) 

























Figure 41.  X-ray diffraction spectra UIT material (sample 2) obtained at various depths below 





























Figure 42.  X-ray diffraction spectrum of untreated material at the (111) and (200) reflections at 
























Figure 43.  X-ray diffraction spectrum of UIT material showing the presence of a weak peak at 
42.4° indicating that strain is present in the sample  
(111)  
(200)  






The SEM micrographs of the UIT samples show some damage at the surface 
induced by the UIT process.  The damage is more notable in the transverse cross 
section as shown in Figures 13 and 14.  The micrographs show tearing, void 
formation, and a distinct separation between the deformation layer and the metal 
matrix. These observations should be of concern and may have an impact on the 
mechanical and corrosion properties at the UIT surface. 
The UIT process is accompanied by the ultrasonic impacts which induce 
plastic deformation near the surface.  The distribution of ultrasonic waves which 
penetrate the subsurface material results in quick heating and cooling at the areas of 
deformation.  Researchers have shown that the UIT process results in grain 
refinement [3,25,29] and the production of ultrafine and nanocrystalline grains.  
Although the results of optical microscopy and EBSD did not show the formation of 
ultrafine or nanocrystalline grains, the UIT process can reduce the average grain size 
diameter by more than 10 µm as compared to untreated material.  Furthermore, TEM 
analysis of the UIT surface region did show smaller grain in the nano-meter range as 
discussed in section 4.2.1.1.  The UIT material exhibited a number of grains th t were 
less than 10 µm.  The grain shape varied which indicates that the grain size reduction 
is not uniform.  The non-uniformity of the grain size reduction may also be attributed 
to the manual nature of the UIT process.   
X. An et al. found that the grain size can change within the impact effect zone 
from the top surface down to the matrix due to strain variations [3].  The variations in 




load, and feed rate control; all of which can control the average grain size and 
microstructure of 2024-T351 aluminum alloy.  As previously noted in section 1.1, the 
processing parameters used for this study were a carrier frequency of 27 kHz, pin 
dimension of 3 mm, amplitude of 22 µm, and feed rate of 10 cm/min.  In comparison, 
as noted in section 3.1, X. An et al. used a carrier frequency of 36 kHz, pin dimension 
of 5 mm, amplitude of 36 µm, and feed rates of 400 mm/min (40 cm/min) and 1000 
mm/min (100 cm/min) [3].  These parameters result in a microstructure that exhibits 
equiaxed ultrafine, nanocrystalline grains at the top surface and equiaxed ultrafine, 
grain structure with extended micro bands at a depth of approximately 3 o 5 µm and 
refined grains of less than 10 µm (Section 3.1).  Transmission electron microscopy 
micrographs show the formation of nanocrystalline grains in the UIT material which 
is discussed in section 4.2.1.  The nanocrystalline grains ranged in size from 2 to 200 
nm in diameter as measured from the TEM  micrographs. Differencs i  the resulting 
microstructure observed by X. An et al. and this research may be due to the 
processing parameters.  X. An et al. used two different sets of parameters for their 
study and found that a slower feed rate and larger amplitude under load resulted in 
larger average grain size at the top surface [3].  X. An et al. used a higher carrier 
frequency, pin dimension, amplitude, and feed rate than the parameters used for this 
study.  The higher processing parameters likely resulted in more induced plastic 
deformation and larger ultrasonic stresses induced into the surface of the material.   
Severe plastic deformation processes that result in random and 
multidirectional deformation could result in high angle boundary misorientations 




boundary misorientations is thought to consist of two steps; the formatin of 
subgrains through grain subdivision and evolution of the boundary misorientations 
due to subgrain rotation [25].  Grain subdivision does not continue indefinitely but 
rather levels off when a critical size is achieved given a certain amount of 
deformation [25,41].  With continued straining, the dislocation movement becomes 
restricted because the subgrains cannot continue to subdivide.  As a result, the slip 
systems of adjacent grains  rotate to more energetically favorable orientations due to 
the continuous straining [25].   The subgrains cannot accommodate deformation by 
dislocation glide along the same slip system, therefore they begin to rotate.   With 
increasing rotation angle, the formation of highly misoriented grains is produced.  
Severe plastic deformation techniques such as shot peening and ultrasonic sh t 
peening are effective in promoting subgrain rotation because of the multi-directional 
strain paths and high strain rates induced by the techniques [25,42]. 
The UIT process is a manual technique therefore the deformation induced by 
the technique is random and multidirectional which would result in highly 
misoriented grains.   Although the grain boundary misorientation angle maps show a 
large fraction of high angle grain boundaries (> 15°), the fractions are similar for both 
UIT treated and untreated material.  The results are not consistent with the literature 
which suggest that SPD techniques such as UIT and ECAP result in the formation of 
high angle grain boundaries and an increasing fraction of high anglegrain boundaries 
with increased deformation [43].   
Texture evolution in Al-Mg is strongly influenced by the alloy composition, 




magnesium content in aluminum alloys affects the development of rolling and 
recrystallization textures.  Magnesium can affect the textur as a solute atom or as β 
phase particles and has been shown to induce shear banding during cold rolling [45].  
The cube texture was first observed in FCC metals more than 70 years ago and was 
found in different FCC metal sheets after recrystallization [46].  In aluminum alloys, 
a very strong cube texture was obtained after crystallization of 95% rolled aluminum 
sheet.    
Aluminum-magnesium alloys have been shown to exhibit strong 
crystallographic texture when subjected to severe plastic deformati n such as heavy 
rolling reductions.   However, when subjected to severe plastic deformation such as 
ECAP, the crystallographic texture is weak.  For Al-Mg alloys containing more than 
3 wt. % Mg, shear bands are formed when rolling reductions are greater than 50% 
[34,45].  However, with increasing Mg content above 5 wt. %, and increased rolling 
reduction up to 95%, the overall rolling texture becomes weaker [45].  Shear banding 
acts indirectly on texture formation resulting in the rotation of major texture 
components into more scattered orientations [34].  Equal channel angular pressing of 
aluminum 5109 has been shown to lead to a non-uniform texture, however the 
inhomogeneity decreases with increasing number of ECAP passes [34]. Equal 
channel angular pressing was shown to rotate part of the initial cube orientations to a 
non-ideal simple shear texture [34].    
        The 5456 material used for this study was cold rolled to an H116 temper and 
exhibits elongated grains which are similar to the initial texture observed by X. An 




Mg alloy 5005 cold rolled to an H14 temper with 1 mm gage has been shown to 
reveal a rolling texture with some cube texture [35] and deformed icrostructure with 
elongated grains.  However, based on the (111) and (200) pole figures shown in 
Figures 37 and 39, the untreated material does not exhibit any cube texture.  In the 
planar orientation, the (111) pole figures shown in Figure 36 suggest that the UIT 
process may induce a weak cube texture.  Although the (200) pole figure in the planar 
orientation, Figure 36 appears to be random, the texture strength is reater than the 
texture strength for the (111) pole figure.  This concurs with the XRD results which 
showed stronger peak intensities at the (200) reflection for the UIT material.  This 
suggests that the UIT process induces a slight (200) preferred orientation.   The UIT 
process is similar to ECAP in that the process results in a weak crystallographic 
texture.  In addition, since the UIT process is a manual process and the deformation is 
near surface and does not involve multiple passes such as ECAP or heavy roll 
reduction, a strong crystallographic texture should not be expected.   
 
3.4 Summary  
 
The result of the metallographic studies can be summarized as follows: 
• Ultrasonic impact treatment produces a deformed layer near th  surface that 
measures ~ 10 to 18 µm in thickness.  The indentations vary, ranging i  size 
from 3 mm x 3 mm to 3 mm x 5 mm.   
• The deformation layer is characterized by tears and voids.  There is a distinct 
separation between the deformation layer and the metal matrix.  The surface 




• The deformation layer does not exhibit the presence of β phase, however 
below the deformation layer, a continuous β phase is present along the grain 
boundaries. 
• Grain refinement extends below the UIT surface and reduces the average 
grain size diameter by more than 10 µm as compared to untreated material. 
• The fraction of high angle grain boundaries is comparable for both UIT 
treated and untreated material which suggests that the straining induced by the 
UIT processes was not effective in inducing a larger number of high an le 
grain boundaries. 
• Both the UIT material and untreated material exhibited weak crystallographic 
texture which suggest that the UIT process does not induce enough 
deformation to result in crystallographic texture. However, XRD shows a 







Chapter 4: Microstructural Evolution of Aluminum 5456 
Plastically Deformed by UIT 
 
4.1 Introduction 
 This chapter presents the study of the nanoscale microstructural evolution of 
UIT treated and untreated sensitized 5456 aluminum using TEM and high resolution 
TEM (HRTEM).  This study contributes to the understanding of the mechanisms for 
the evolution of the microstructure of 5456 due to SPD.  Transmission electron 
microscopy was used to examine secondary precipitates, dislocations, and grain, size 
and structure.   X-ray measurements using a diffractomer as described in section 2.8 
was used to examine the grain size at the UIT surface.  As noted in section 3.1, SPD 
processes result in grain refinement and the formation of nanocrystalline grains in 
aluminum alloys.  Transmission electron microscopy analysis included the 
examination of the grain structure for the formation of nanocrystalline grains.  As 
noted in section 3.2.4, EBSD was not successful in identifying nanocrystalline grain 
formation probably because the top most surface layer of the treatd material was 
removed during polishing for EBSD.   
 As previously noted in section 1.2.1, in Al-Mg alloys, the equilibrium phase 
with aluminum is the β phase.  Precipitation occurs preferentially on the {100} planes 
and the {120} planes [7] and can be continuous or discontinuous.  The continuous 
precipitation of β phase generates a Widmanstatten structure whereas the 
discontinuous precipitation is accompanied by the formation of a new solid solution 




 Unlike Mg, Mn, a transition metal (see chemical composition in Table 1), is 
not expected to remain in solid solution but rather form complex precipitates.  Two 
types of precipitates have been found to form in Al-Mg alloys, preci itates containing  
Cu and Mn rich precipitates.  The Mn rich precipitate is likely Al6Mn, an 
orthorhombic phase, which forms when Al rejects Mn from solid solution [7].  The 
Mn precipitates form coarse constituent particles and small dispersoids that act as 
nucleation sites for recrystallization and grain boundary migration [48].   
4.1.1 Transmission Electron Microscopy Analysis 
 
Transmission electron microscopy is a powerful tool for imaging at 
significantly higher resolution than other microscopy techniques due to the 
transmission of a beam of electrons through an ultra-thin specimen or foil.  As the 
electrons travel through the specimen, they are either scattered or r main unaffected 
by the specimen.  As a result, a non-uniform distribution of electrons emerges from 
the exit surface of the specimen.  The non-uniform distribution of electrons is 
displayed by the electron microscope in two ways; angular distribution of scattering 
which can be viewed in the form of diffraction patterns or spatial distribution of 
scattering which can be observed as contrast in images of the specimen.   
 Indexing diffraction patterns for TEM analysis involves the comparison of  
the experimental d-spacing and theoretical d-spacing from Bragg’s Law as shown in 
Equation 3 [49,50].   
 





Where n is the order of the reflection and λ is the wavelength of the electrons [50].  If 
the reflecting planes have Miller indices hkl, then Equation 3 can be written as:  
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where the theoretical d-spacing can be obtained from Equation 5 where a is the lattice 
constant and h, k, l are the reflection indices.  For aluminum, the lattice constant, a is 
4.0414 Å [9].     
The experimental d-spacing can be measured directly from the diffraction 
patterns obtained from the TEM.  The structure factor F is the unit cell equivalent of 
the atomic scattering amplitude, fi, and can be thought of as the unit-cell scattering 
amplitude [49].  The structure factor F is given by: 
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in terms of the atom positions in the until cell (xi, yi, zi).   The structure factor rules 
are used to determine the allowed reflections in the diffraction pattern.  For an FCC 




= (0, 0, 0), (½, ½, 0) (½, 0, ½), (0, ½, ½).  Substituting these values into Equation 6 
gives the following [49]: 
   





If all three integers h, k, l are either odd or even, all the exponential terms are e2nπi and 
all the phases of the diffracted waves are multiples of 2π and are in phase.  If one of 
h, k, or l is odd but the other two are even or vice versa then two of the thre  p ases 
factors will be odd multiples of π giving two terms of -1 in Equation 7.  From 
Equations 7 the structure factor is given by the following rules below [49].   
 
  
F = 0 if h,k,l are mixed even and odd 




Two beam conditions, bright field and dark field imaging modes were used to 
obtain images for dislocation characterization.  In order to characterize the 
dislocations, the visibility condition using b• where b , the Burgers  vector must be 
evaluated.  8 9  is the vector in reciprocal space used to get the dark field image.  In a 
dark field image, when 0≠•bg  dislocations are visible and when 0=•bg  then 
dislocations are  invisible.  By solving the visibility condition, the possible Burgers 
vector for each dislocation can be determined.  For a FCC crystal structure, 
dislocations will have a Burger’s vector in the ½ <110> family.  In order to identify 




each dislocation.  Valid dislocation lines for an aluminum structure are along the 
<110> and <211> directions.  The type of dislocations can be determined by 
calculating the angle θ between the Burger’s vector and the dislocation line direction 
















bt1cosθ         (8) 
 
Depending on the calculated value of θ, the dislocation type will either be an edge 
type for θ = 90°, screw type for θ = 0°, or mixed dislocation for θ = 60° or 30°.  
 The dislocation density, ρ, can be estimated by overlaying a transparent grid 
over the dark field image and counting the number, N, of intersections of di locations 
by the grid lines.  Equation 9 is used to evaluate ρ where L is the total length of the 
grid lines, M is the magnification, f is a correction factor which accounts for the 
fraction of invisible dislocations, and t is the thickness.  The total length of the grid 
lines is qnnL 212= where n1 and n2 are the number of lines in the grid and q is the 














4.2.1 Transmission Electron Microscopy of UIT Sensitized 5456 
 
4.2.1.1 Transmission Electron Microscopy Micrographs of UIT Sensitized 5456  
 
Transmission electron microscopy samples of UIT sensitized 5456 were
obtained from the treated surface to examine the surface microstructure.  As noted in 
section 2.7.1, the samples were thinned only from the back side to preserve th  UIT 
surface.   Figure 44 and 45 show TEM micrographs and the associated selected area 
diffraction patterns obtained from planar samples prepared from the treat d surface.  
The TEM micrographs show the presence of a nanocrystalline microstructure as 
verified by the diffraction pattern indicating random orientations in the selected field 
of view.  The ring-like patterns indicate that the nanocrystals have random orientation 
with respect to each other.    Moiré fringes corresponding to  overlapping 
nanocrystalline grains are also visible in the images.  The grain sizes were measured 
from the TEM micrographs and range in size from 50 to 200 nm with a larger grain 
that measures 200 nm (W) by 400 (L).  Based on the OM and EBSD results of 
samples obtained just below the treated surface which did not show the presence of 
nanocrystals, the TEM results suggest that the nanocrystals are only present at the 
deformation layer.   Optical microscopy of UIT treated materi l in the transverse 
orientation showed that the deformation layer varies in thickness between 10 to 18 
µm.  Figure 46 shows a closer examination of individual nanocrystalline grains from 
the micrographs in Figure 45.  The nanocrystalline grains show grain boundaries that 















Figure 44.   TEM micrograph and diffraction pattern of UIT sensitized 5456 showing a 













Figure 45.  TEM micrograph and diffraction pattern of UIT sensitized 5456 showing a 
nanocrystalline microstructure at the treated surface  
Nanocrystalline grains   
Nanocrystalline 
grains  









Figure 46.  Closer examination of individual nanocrystalline grains showing the presence of wavy 





 High resolution TEM was used to investigate the nanocrystalline layer of the 
UIT samples obtained from the treated surface.  Figure 47 shows the interface 
between multiple nanocrystalline grains and larger submicron grains.  The TEM 
micrograph illustrates notable grain size differences between the multiple nanograins 
(area A) and larger grains (areas B & C) which illustrate the inhomogeneity in grain 
reduction due to the UIT process.  As previously mentioned in section 3.3, the UIT 
process is a manual process that results in random deformation on thesurface.  A 
higher magnification micrograph of the interface between area A and area B is shown 
in Figure 48 along with the associated diffraction pattern.  The diffraction pattern 
shows both the presence of a ring pattern which is characteristi  of nanocrystalline 
grains and a diffraction pattern with a [112] zone axis.  The interatomic planes of the 
single larger submicron grain correspond to 1111:7 planes.  Figure 49 shows a 




HRTEM micrograph of the nanocrystalline grains and diffraction pattern from area A 
in Figure 47.   The grains range in size from ~2 to 6 nm in diameter as measured from 
the micrograph.  The micrograph also confirms the presence of wavy or curved grain 
boundaries between the nanocrystalline grains.  The diffraction pattern is a 
characteristic ring pattern for nanocrystalline grains; however, it also includes some 
diffracted spots characteristic of polycrystalline material with larger grains.  The 
additional spots may be due to the fact that the selected field of view encompasses an 
area that includes nanocrystalline and submicron grain structure.  Figure 50 shows a 
micrograph of the nanocrystalline grains with a number of overlapping 














Figure 47.  HRTEM micrograph showing the interface between nanograins and submicron 





















Figure 48.  HRTEM micrograph showing the interface between nanograins and submicron grain 












Figure 49.  HRTEM micrograph showing nanocrystalline grains ranging in size from ~2 to 6 nm 































Figure 50.  HRTEM micrograph showing nanocrystalline grains with overlapping grains at 





Figures 51 and 52 show representative TEM micrographs of UIT samples 
obtained in the planar orientation just below the UIT treated surface.  The samples 
were prepared by mechanically polishing followed by electropolishing in an 
electrolyte of perchloric acid in methanol and ion milling as described in section 
2.7.1.  The samples were prepared such that only a thin layer on the order of ~ 20 µm 
was removed from the UIT treated surface.  The micrographs reveal a heavily 
deformed microstructure with the presence of multiple grains and overlapping 
submicron grains on the order of 0.3 to 0.5 µm (300 to 500 nm) in diameter as 
measured from the micrographs.  The microstructure also shows the pres nce of 






nanoscale size is characteristic of SPD materials. The micrographs demonstrate that 
the UIT process results in grain modification below the deformation layer.  Neither 
Figures 51 nor 52 reveals the presence of a continuous β phase along the grain 
boundaries.  Dislocation analysis from this region is discussed in section 4.2.1.2 















Figure 51.  TEM micrograph of UIT sensitized 5456 showing a heavily deformed microstructure 



























Figure 52.  TEM micrograph of UIT sensitized 5456 at the grain boundary showing Moiré 





Transmission electron microscopy samples of UIT sensitized 5456 were
obtained in the planar and transverse orientations to the UIT surface approximately 
100 µm (planar orientation) and 250 to 300 µm (transverse orientation)  below the 
UIT surface.  Figures 53 and 54 show representative micrographs of t e structure 
with secondary precipitate formation.    The micrograph in the planar orientation in 
Figure 53 reveals a large number of rod-like shaped and irregula shaped precipitates 
within the matrix.  Micrographs of samples obtained in the transverse orientation to 
the UIT surface also revealed the presence of a large number of rod-like precipitates 
and irregular shaped rich precipitates within the matrix as shown in Figure 54.  The 
Moiré fringes  





rod-like shaped precipitates were identified to be Al-Mn-Cr-Cu rich precipitates 
through energy dispersive x-ray spectroscopy (EDS) analysis as shown in the EDS 
spectrum in Figure 55.  The slight trace of Ag in the rod-like shaped pr cipitates is 
likely due to contamination during the specimen preparation since Ag is not an alloy 
element found in 5456 aluminum.  The irregular shaped precipitates were found to be 
Mn rich.  These precipitates are likely Al6Mn particles.  From the micrographs, the 
rod-like shaped precipitates were found to range in size from 100 to 500 nm in length. 
Both Figures 53 and 54 show extensive interaction between the dislocations nd the 
secondary phase precipitates.    
 
 











Figure 53.  TEM micrograph of UIT sensitized 5456 in the planar orientation ~ 100 µm below the 
UIT surface showing a large number of Al-Mn-Cr-Cu and Mn-rich precipitates 
 
 
Al-Mn-Cr-Cu rich precipitates Mn rich precipitates 




















Figure 54.  TEM micrograph of UIT sensitized 5456 in the transverse orientation showing a large 























Figure 55.  EDS spectrum for rod-like Al-Mn-Cr-Cu precipitates in UIT sensitized 5456 




4.2.1.2 Dislocation Analysis of UIT Sensitized 5456 
 
The TEM micrographs reveal a heavily deformed microstructure with a large 
number of dislocations in the UIT sensitized samples.  For samples obtained below 
the UIT treated surface, the microstructure does not reveal the presence of Moiré 
fringes or multiple and overlapping grains.  Using several two beam conditions, 
bright field images, dark field images, and the associated diffract on pattern were 
obtained from planar and transverse samples for dislocation analysis.  Figure 56 
shows the planar area that was selected for two beam analysis.  Figure 57 shows the 
indexed diffraction pattern for the selected area.  Using the analysis technique 
described in section 4.1.1, the zone axis was determined to be along the 112:::: 
direction.  The bright field and dark field images of the area are shown in Figure 58 
and Figures 59 to 61, respectively.  Dark field images were obtained for 8; = 111:17, 
1131:7, and 12207.  Each dark field image shows the diffraction pattern with the 
corresponding 8; in the lower right hand corner.  The dislocations chosen for 
characterization are labeled as A, B, and C in the dark field images.  Using the 
analysis described in section 4.1.1, the visibility condition using bg •  were evaluated 
for the dislocations.  Dislocations A and B were oriented along the 22::::0 direction, 
valid dislocation lines are =>???; = 11::::0  and =@???; = 11::::0.  Dislocation C lies along the 
1:11:, therefore a valid dislocation line direction of the family of <110> or <112> 
projects along the 1:11:  direction when viewed along the 11:2: direction.  Possible 
dislocation line directions for dislocation C are =B???; = 11:0  or 1:12:.  Table 5 shows 
the visibility conditions for the dislocations.  For aluminum, perfect dislocations have 




dislocations A, B, and C and the dislocation line directions to calculate θ in Equation 
8, the dislocation types are identified in Table 6.  From Table 6, dislocations A and B 
are either a screw or mixed dislocation depending on the possible Burgers vector.  
Dislocation C is a mixed dislocation with different possible Burgers vectors.  
   Equation 9 was used to determine the dislocation density.  Using a 5 x 5 cm 
grid with 5 grid spacings at q = 1.0 cm/spacing overlaid on the dark field image for 8;  
= 111:17, there were N = 78 dislocation intersections of the grid lines.  The total 
length of the grid lines, L is 50 cm and the correction factor, f for 8; = 111:17 is 6/3.  
The correction factor is the reciprocal of the fraction that is visible under the two-
beam condition used which was obtained by calculating 0=•bg  for all possible 
Burger’s vectors for an FCC structure with 8;   111:17.  The sample thickness is 
assumed to be t = 0.5 µm.  The sample thickness is an assumption since the thickness 
fringes in the bright field and dark field images are not clear thus cannot be accurately 
calculated.  The magnification, M for the dark field image is 150 K. Solving 
Equation 9, the dislocation density for the UIT sensitized 5456 is 1.9 × 1010 
dislocation/cm2.    It is noted that the dislocation density for a UIT sample obtained at 


























Figure 56.  TEM micrograph of UIT sensitized 5456 area analyzed under two beam conditions in 






















Figure 57.  Indexed diffraction pattern for UIT sensitized 5456 area in the planar orientation 






































Figure 58.  Bright field TEM micrograph of UIT sensitized 5456 area in the planar orientation 























Figure 59.  Dark field image of UIT sensitized area in the planar orientation analyzed under ??; = 



























Figure 60.  Dark field image of UIT sensitized area in the planar orientation analyzed under ??; = 























Figure 61.  Dark field image of UIT sensitized area in the planar orientation analyzed under ??; = 
17 two beam condition  
A – Screw or Mixed 
C –Mixed  
B - Screw 
or Mixed 




C –Mixed  
B – Screw 











Table 5.  Visibility condition for UIT sensitized 5456 dislocations in the planar orientation 
analyzed under two beam condition 
 
Dislocation ??; = 17 ??; = 197 ??; = 197 
A Visible Visible Invisible 
B Visible Visible Invisible 















direction ( t ) 
























































 Figure 62 shows the UIT sensitized 5456 area in the transverse orientation that 
was selected for analysis using two beam condition.  The zone axis w s determined to 
be along the 11:0 direction from the selected area diffraction pattern from the above 
area.  Dark field images were obtained for 8;  = 12:2:07, 11117 (Figure 63), and 1002:7.  
Three dislocations were chosen for characterization and the visibility condition 
evaluated for each dislocation.   Dislocation A lies along the 22::::0, a  valid 
dislocation line direction would lie along  =>???; = 11::::0 .  Dislocation B lies along the 
11::::3, a valid dislocation line would project along 11::::3 if  =@???; = 12:1.  Dislocation 
C lies along the 331:  direction, a valid dislocation line would project along the 
33::::1 if =B???; = 211:   or  12::::1.  Based on the possible Burgers vectors, dislocation A 
is a screw dislocation and dislocation C is a mixed dislocation s shown in Figure 63.  
No possible H???; were found to satisfy the visibility conditions for b = ½<110> family 
for the dislocations B that was selected for analysis.  The dislocation density was 























Figure 62.  TEM micrograph of UIT sensitized 5456 in the transverse orientation analyzed under 












Figure 63.  Dark field image of UIT sensitized area in the transverse orientation analyzed under 
two beam condition at ??; = 17 showing screw and mixed dislocations 
 
A – Screw 
111 




4.2.2 Transmission Electron Microscopy of Untreated Sensitized 5456 
4.2.2.1 Transmission Electron Microscopy Micrographs of Untreated Sensitized 5456  
 
 Transmission electron microscopy samples of untreated sensitized 5456 were 
obtained in the planar and transverse orientations below the UIT surface.  Figures 64 
and 65 show representative TEM micrographs of untreated samples obtained in the 
planar orientation just below the surface.  These samples were prpared by 
mechanically polishing, electropolishing in perchloric acid in methanol, and ion 
milling as described in section 2.7.1.  Unlike the UIT regions presentd i  section 
4.2.1.1, these micrographs do not reveal a heavily deformed microstructure.  
Dislocations are present which will be discussed in section 4.2.2.2.  Examination of 
the grain boundaries in the planar orientation reveals features that are characteristic of 
a continuous secondary β phase and Mg and Cu enrichment phase as confirmed by 
























Figure 64.  TEM micrograph of untreated sensitized 5456 showing multiple dislocations and the 






















Figure 65.  TEM micrograph of untreated sensitized 5456 at the grain boundary showing a 
continuous β phase and magnesium rich area 
Continuous β phase observed at 
the grain boundary 







Figure 66Figures 66 and 67 show additional micrographs of untreated 
sensitized 5456 in the planar and transverse orientations, respectively.    Similarly to 
the region below the UIT sensitized 5456, the micrograph in the planar orientation of 
an untreated sample in Figure 66 reveals a large number of rod-like shaped and 
irregular shaped precipitates within the matrix.  The rod-like shaped precipitates were 
identified to be Al-Mn-Cr-Cu rich precipitates and the irregular shaped precipitates to 
be Mn rich through EDS.  As previously noted, the rod-like shaped precipitates were 
found to range in size from 100 to 500 nm in length.  Figure 67 obtained at a gr in 
boundary in the transverse orientation reveals an enrichment of Mg and Cu as 














Figure 66.  TEM micrograph of untreated sensitized 5456 in the planar orientation showing a 
































Figure 67.  TEM micrograph of untreated sensitized 5456 in the transverse orientation at the 




















Figure 68.  EDS spectrum for Mg - Cu rich phase at the grain boundary in Figure 67 in 
untreated sensitized 5456  





4.2.2.2 Dislocation Analysis of Untreated Sensitized 5456 
 
Using two beam condition, bright field images, dark field images, and the 
associated diffraction patterns were obtained from planar and trasverse samples for 
dislocation analysis of the untreated sensitized 5456.  Figure 69 is an image along the 
planar orientation and shows a heavily deformed microstructure that was selected for 
two beam analysis.  The zone axis was determined to be along the 011:::: direction.  
Dark field images were obtained for 8;  = 12007, 11:11:7, and 1022:7  and three 
dislocations chosen for characterization.  The visibility condition using bg •  were 
evaluated for the dislocations and found to be oriented along the line directions of =>???; 
= 121::::,  =@???; = 112:::::, and =B???; = 011:.    Based on the visibility conditions for the 
dislocations and the possible Burgers vector for each dislocation, dislocations A and 
B are mixed dislocations.    Figures 70 and 71 show the dark field images showing 
dislocations A and B, respectively.  Dislocation C was determined to be an edge 
dislocation.  The dislocation density for the untreated sensitized 5456 is 7.2 × 109 









































Figure 69.  TEM micrograph of untreated sensitized 5456 area in the planar orientation 























Figure 70.   Dark field image of untreated sensitized area in the planar orientation analyzed 





























Figure 71.  Dark field image of untreated sensitized area in the planar orientation analyzed 






   Figure 72 shows the untreated sensitized 5456 area in the transverse 
orientation that was selected for analysis in the two beam conditi. The zone axis 
was determined to be along the 11:0 direction.  Dark field images were obtained for 
8;  = 12007, 1111:::::7, and 1111:7.  Three dislocations were chosen for characterization 
and analyzed using the visibility condition using bg • .  Dislocation A lies along the 
11::::1 direction, therefore a valid dislocation line would project along 111: direction 
if  =>???; = 211::::  or 12::::1 .  Dislocation B lies along the 113:, a valid dislocation line 
would project along 11::::3, if   =@???; = 12:1 or 211::::.  Dislocation C lies along the 






121:::: or 21:1.  Based on the visibility conditions and the possible Burgers vectors, 
dislocation A is a screw or edge dislocation.  Dislocation B is a mixed dislocation.  
Dislocation C is either a screw or mixed dislocation.  Figures 73 and 74 show the 































Figure 72.  TEM micrograph of untreated sensitized 5456 area in the transverse orientation 








Figure 73.  Dark field image of untreated sensitized area in the transverse orientation analyzed 























Figure 74.   Dark field image of untreated sensitized area in the transverse orientation analyzed 




A – Edge or Screw 
C- Mixed or Screw 
111 




4.2.3 In-situ Elevated Temperature TEM of UIT Sensitized 5456 
 
Elevated temperature TEM was used to investigate UIT sensitized 5456 
samples obtained at the treated surface to examine the kinetics of grain growth in the 
nanocrystalline microstructure.  The samples were polished only on one side to 
preserve the UIT surface as noted in section 2.7.1.  The first experiment involved 
heating the sample from room temperature to 50°C and increasing to a maximum 
temperature of 450°C in 50°C increments.  The sample was held for 10 minutes at 
each temperature.  After heating to 450°C, the samples were cooled to room 
temperature.  A second sample was heated from room temperature to 100°C, 200°C, 
300°C, 350°C, 400°C, and 450°C.  The samples were held at each temperature for 10 
minutes between 100°C to 400°C.  The sample was held for 40 minutes at 450°C to 
investigate the grain growth at that temperature.  The experiment was conducted at an 
operating voltage of 200 kV and 103 µA in the LaB6 TEM.  Micrographs were 
obtained at a 10 K magnification on the microscope screen.   
Figures 75 to 81 show bright field and dark field micrographs that repres nt 
the changes in the grain structure from room temperature to 450°C along with the 
associated diffraction patterns obtained at room temperature, 300°C, and 450°C.  At 
room temperature, the microstructure is nanocrystalline as previously discussed in 
section 4.2.1.1.  From the micrograph obtained at room temperature, Figure 75, th  
nanocrystalline grains range in size from 100 to 300 nm with an average gr in size 
diameter of 200 nm.  Heating between room temperature and 250°C, Figure 76, 
results in no grain growth but rather changes in grain orientation due to thermal 




and 250°C since no appreciable grain growth was observed at these temperaures.   
Upon heating the sample to 300°C, Figures 77 and 78, grain growth starts to occur 
and the nanocrystalline grains start to grow in size.  Between 350°C to 450°C, 
Figures 79 to 81, significant grain growth occurs with some grains as large as 600 
nm.  Although significant grain growth occurs at 400°C, the microstructure exhibits 
some nanocrystalline grains which are still present even upon heating to 450°C.  As 
the grain structure changes, the diffraction pattern changes from distinct broad ring 
patterns typical of  a nanocrystalline structure to diffraction patterns with stronger and 
sharper spots indicating grain growth from 300°C to 450°C.  Weak ring patterns are 
still visible at 300°C and even at 450°C confirming the presence of small random 
grains.   At 300°C, two strong spots labeled as 1 and 2 in Figure 77 were us d to get 
dark field images shown in Figure 78.  Significant grain growth occurs at 400°C as 
shown in the dark field image, Figure 80, with an average grain size diameter of 500 
nm.  Grain growth continues at 450°C with grains that average 600 nm in diameter.   
The dark field image at 450°C, Figure 81, shows a number of small white spots that 
appear to be precipitates within each individual grain and at the grain boundaries.  
The precipitates started to form upon heating to 300°C and were more pronounced 
with increasing temperature to 450°C.  Figure 82 shows that the grain growth remains 
stable after cooling to room temperature from 450°C.      
The results from a second heating experiment concurred with the results of the 
first heating experiment.  Grain growth began when the sample was heated above 
300°C.  Holding at each temperature for 10 minutes did not result in any significant 




result in any observable changes in grain growth or significant increase in grain size 
once the sample was heated to 450°C.  Figure 83 shows the dark field images after 
initial heating to 450° and held at 450°C for 15 minutes, 30 minutes, and 40 minutes.  
Upon heating to 300°C, a number of small precipitates were observed in the 
microstructure which is consistent with the first observations in Figures 75 to 81. 
The activation energy for grain growth can be determined by the relationship 




  JK=L                 (10) 
 
where t is time, n is a constant usually taken as unity.   kg is a temperature dependent 
constant given by: 
 
JK  M /NO1I P QR S 7       (11) 
 
where Q is the activation energy for grain growth, R is the gas constant, T is the 










Rearranging Equation 11 and taking the log of both sides gives the following 
expression [52,53]: 
 
WX8   Y  I T
.Z UV [ log M      (13) 
 
 
 The average grain size diameters as determined from the micrographs in 
Figures 75 to 81 were used to construct the semi-logarithmic plot (d2-do
2) versus 1/T 
in Figure 84.  The initial diameter, do, is the average grain size diameter at room 
temperature which is 200 nm.  From the plot, the slope of the curve, m= -1244, is 
used to calculate the activation energy, Q, where R = 8.314 J/mol-K: 
 
Q  = 2.3 (8.314 J /mol-K) (1244) = 31,953 J/mol or ~32 kJ/mol 
 
Therefore, the activation energy required for grain growth in the UIT material is ~ 32 
kJ/mol. 






















Figure 75.  Bright field (left) and dark field (right)  TEM micrographs of UIT sensitized 5456 at room temperature showing the presence of 













Figure 76.  Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 at 250°C showing the presence of nanocrystalline grains 

















Figure 77.  Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 at 300°C showing the presence of nanocrystalline grains 
and grain growth.  The inset at the bottom right is the diffraction pattern of the area and shows typical ring pattern characteristic of nanocrystalline 

















Figure 78.  Dark field under two beam condition of diffraction spots 1 (A) and spot 2 (B) in Figure 77 of UIT sensitized 5456 heated to 300°C; presence 




















Figure 79.  Bright field (left) and dark field (right) TEM  micrographs of UIT sensitized 5456 at 350°C showing both nanocrystalline grains and grain 




































Figure 81.  Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 at 450°C showing significant grain growth and the 


















Figure 82.  Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 cooled to room temperature after heating to 450°C 




































Figure 83. Dark field images of UIT sensitized 5456 heated to 450°C and held for various lengths of time following significant grain growth; holding for 
40 minutes did not result in  further grain growth
Held for 40 minutes at 450°C 
Initial heating to 450°C 
Held for 30 minutes at 450°C 






Figure 84.  Semi-logarithmic plot of (d2-do2) versus 1/T for grain growth from in-situ heating 




4.2.4 X-ray Diffraction Measurements to Examine Grain Size at the UIT Surface 
 
X-ray diffraction measurements using a diffractometer were obtained at the 
UIT surface in the planar orientation to examine the grain structure.  The grain size 
can be determined by Scherrer’s equation based on the width of the peak profiles [38, 
54]:   
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Where d is the average crystallite size, λ is the x-ray wave length, ∆(2θ) is the peak 
width, and θB is the Bragg angle from Equation 3 [38, 54].  The peak width is usually 
measured, in radians, at an intensity equal to half the maximum intensity [38].     
Figures 85 and 86 show the peak profiles for the UIT material in the planar 
orientation at the surface for two samples.  For sample 1, the peak width at the (200) 
reflection is 0.3 radians at a 2θ angle of 44.8 °.  The peak width for sample 2 is 0.5 
radians at a 2θ angle of 44.5°.  The calculation of Equation 14 with these values 
results in grain sizes of 33 nm (sample 1) and 19 nm (sample 2).  These grain size 
values are consistent with the grain sizes (ranging from 2 to 200 nm) determined from 


























Figure 85.  X-ray diffraction peak profile of UIT material (sample 1) in the planar orientation at 


































Figure 86.  X-ray diffraction peak profile of UIT material (sample 2) in the planar orientation at 







 The observed nanocrystalline structure at the UIT surface in Figures 44 and 5 
concurs with work by several authors regarding nanocrystalline grain owth due to 
SPD [3,28,55,56,57,58,59].   TEM investigations show that the nanocrystalline lyer 
is near surface and is only present to a depth that is equivalent to the thickness of the 
deformation layer (10 to 18 µm).  The formation of the nanocrystals within the 







which is at the surface.  Samples obtained just below the surface, Figures 51 and 52, 
did not reveal any nanocrystalline grains, however submicron grains were pr sent.  
The formation of the nanocrystalline layer is also inhomogeneous and the 
nanocrystals vary in size from 2 to 200 nm (from TEM and HRTEM).  The 
inhomogeneity may be due to the random nature of the UIT process.  As previously 
noted in section 3.3, the process is a manual process which results in random 
deformation at the surface.   
Severe plastic deformation techniques such as UIT, ECAP, and HPT have 
been shown to form nanocrystals in aluminum alloys [3,28,55,56,57,58,59].  The 
nanocrystalline layer is near surface with subgrains observed at regions of various 
depths below the surface.  In 2024-T351, nanocrystals ranging in size from 8 to 15 
nm were observed from the top surface to a depth of 5 µm from the surface when 
treated by the UIT process as previously discussed in section 3.1 [3].  The 
nanocrystalline grains that range in size from ~ 4 to 6 nm as shown in Figure 45 and 
subgrain formation shown in Figure 51 concur with the work reported by X. An et al. 
[3].  The micrographs show that the nanocrystalline grains did not form uniformly 
within the material.  A similar finding was reported by M. Sato e  al. [28].  In 5083 
aluminum subject to wire brushing, the nanocrystals that were formed near the 
surface were not shown to be uniform or distinct and this was also true for other 
alloys with relatively high concentrations of alloying elements.  Equal channel 
angular pressing and HPT have also been shown to result in an inhomogeneous 




Although the alloying content results in an inhomogeneous microstructure 
when subject to SPD, increasing the alloying elements results in a finer 
microstructure.  Both J. May et al. and M. Liu et al. report that increasing the amount 
of magnesium in Al-Mg decreases the grain size and increases the dislocation density 
[57,59].  The increase in dislocation density is attributed to the smaller grain size and 
solute interaction effects [59].   The increase in magnesium results in more 
dislocations being trapped by the solute atoms which has an effect on the formation of 
subgrains or dislocation cell structure.  In HPT of Al-Mg alloys, the process of grain 
refinement occurs through the formation of dislocations at the grain interiors and 
grain boundaries due to the solute effect and the large strains induced by HPT [59].  
As more and more dislocations are generated, the dislocation density reaches some 
critical value with increasing strain which results in an increase in the misorientations 
across sub-boundaries due to dislocation annihilation and accumulation.  As the 
misorientations become larger, low angle grain boundaries are transformed to high 
angle grain boundaries.  The transformation of low angle grain boundaries to high 
angle grain boundaries due to HPT is consistent with the finding by X. Wu et al. as 
previously discussed in section 3.3 [25].  The grain refinement is also due to grain 
subdivision as a result of formation of dislocation cells and subgrains.  When the 
local temperature is higher than the recrystallization temperature, dynamic 
recrystallization occurs and forms nanograins.  The nanograins were found to form in 
regions were the highest strain is generated.  Figure 87 illustrates the schematic of the 
















Figure 87.  Schematic of the grain refinement process of Al-Mg alloys during high pressure 
torsion [59] 
   
 
Dynamic recrystallization is the occurrence of recrystalliz tion during 
deformation.  In general because aluminum and its alloys exhibit very high rates of 
dynamic recovery, dynamic recrystallization is inhibited and rarely observed.  
However, researchers have reported that dynamic recrystallization can occur in 
severely plastically deformed aluminum [60,61].  In aluminum alloys, dynamic 
recrystallization can occur through three processes: 1) Discontinu us dynamic 
recrystallization which is considered exceptional because of aluminum’s high 
stacking fault energy [60,62].  Discontinuous dynamic recrystallization occurs 
through the nucleation of grain embryos and subsequent grain growth.  2) Continuous 




boundaries, resulting in an increase in misorientation and subsequent grain formation.  
3) Geometric dynamic recrystallization where the initial grains are deformed and their 
boundaries become progressively serrated while high angle grain boundaries created 
by subgrain formation are pinched-off and annihilated [60,62,63].  In Al-Mg alloys, 
geometric dynamic recrystallization has been shown to occur in Al-Mg alloys subject 
to torsion or compression with large strains at a temperature T ≥ 400°C [64].  P.B. 
Prangnell el al. report that submicron grain structure can be produced by severe 
plastic deformation when processed at temperatures of < 0.4Tm where Tm is the 
melting temperature, while nanocrystalline structures can be only be formed at 0.2Tm 
[65].  The recrystallization temperature depends on a variety of factors: deformation 
time, percentage of deformation, deformation temperature, purity and gr in size [9].  
Dynamic recrystallization is less sensitive to temperature han static recrystallization, 
however it is more sensitive to strain rate.  The plastic strain  necessary to severely 
plastically deform metals to bulk submicron grains is on the order of εvm > 7 where 
εvm is the effective Von Mises strain [65].   
The formation of the nanocrystalline grains observed in Figures 44 and 45 
concur with the results reported by M. Liu et al.  in which Al-Mg undergoes a 
dynamic recrystallization when severely plastically deformed [59].  X. An et al. also 
suggest that aluminum 2024-T351 undergoes a geometric dynamic recrystallization 
during the UIT process [3].  Although the material temperature when subject to the 
UIT process was not measured for this research, based on findings by M. Liu et al. 
and P.B. Prangnell el al., the material surface temperature due to the UIT process 




temperature range of 5456 for wrought product of ¼ inch thickness or greater is 568.3 
to 638°C [12].  The UIT process is a non-thermal process, however based on the 
temperature suggested by P.B. Prangnell el al. for nanocrystalline grains to form, the 
temperature increase during the UIT process ranges from 114 to 128°C [65].                  
The deformation of nanocrystalline materials is believed to take place through 
a different mechanism than for coarse grain materials.  Researchers have observed 
stacking faults and twinning at the grain boundaries in nanocrystalline materials 
[66,67,68,69].    Experimentally, deformation twinning has been observed in other 
FCC metals such as copper and nickel, however they have not been observed in 
aluminum alloys.  Research by X. Liao et al., M. Chen et al., and L. Manping et al. 
demonstrate otherwise in nanocrystalline Al-Mg alloys [66,67,69].  High resolution 
TEM investigations of Al-Mg alloys subject to HPT reveal a high density of stacking 
faults and deformation twinning in the microstructure [69].  The stacking faults and 
twinning are believed to result from partial dislocation emission fr m the grain 
boundaries.  In FCC metals, stacking faults and twins can be formed from the 
dissociation of either a 0° screw dislocation, a 60° dislocation, or by two 30° 
Shockley partials that dissociated from the end of a 0° screw dislocation [69].  Twins 
are also thought to be formed by dynamic overlapping of stacking faults of 
dissociated dislocations on adjacent slip planes [66,69].  This twinning mechanism 
differs from the pole mechanism in which one partial dislocation forms a whole twin 
by climbing a screw dislocation pole to an adjacent slip plane.  M. Chen et al. 
proposes that the twinning and stacking fault formation in nanocrystalline grains can 




dislocation with a Burger’s vector of ½ C110D with an approximate grain size and 
shear stress, τN, required to initiate the Shockley partial 1/6 C112D  twinning 
dislocation to generate stacking faults and deformation twins [67].  Comparing the 
required shear stress, τN, and critical shear stress, τP given by the following equations 
[67]: 
 
          cd   
efghi                        (15) 
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where µ is the shear modulus, γ is the stacking fault energy, bN  is the magnitude of 
the Burgers vector for the perfect dislocation and bp is the magnitude of the Burgers 
vectors for the Shockley partial dislocation.  The parameter α is specific to the 
dislocation type and contains the scaling factor between the length of the dislocation 
source and the grain size, for an edge dislocation, α = 0.5 and for a screw dislocation, 
α = 1.5 [67].  For aluminum, µ is ~ 35 GPa and γ is 142 mJ/m2 [67].  Equating 
Equation 15 and Equation 16 gives the equation for the critical grain size, Dc, 
required for twinning and stacking fault formation to occur [67]. 
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Assuming that α is equal to 1, the approximate grain size required for twinning and 




HRTEM micrographs shown in Figures 47 and 50 show nanocrystalline grains that 
are ~ 2 to 200 nm.  Although the presence of stacking faults and twinning was not 
observed in the nanocrystals in Figures 49 and 50, the size of the nanocrystalline 
grains suggest that twinning and stacking fault formation may occur.  However 
additional analysis would be required to confirm the research reported by X. Ziao et 
al., M. Chen et al., and L. Manping et al. who suggest that twinning and stacking 
faults resulting from partial dislocations emissions from the grain boundaries is a 
deformation mode in nanocrystalline aluminum [66,67,69].           
An examination of the grain boundaries of the nanocrystals in Figures 44 and 
45 and the HRTEM micrograph in Figure 49 show that the grain boundaries re 
curved or wavy which suggest that the grain boundaries are in a high energy 
nonequilibrium state [69,70].  The submicron grains in Figure 51 also show a 
complex structure of dislocation, sub-boundaries, and Moiré fringes along with 
curved or wavy grain boundaries.  The presence of curved or wavy grain boundaries 
have been found to be characteristic of SPD Al-Mg alloys [69,70].  Nonequilibrium 
grain boundaries that contain a very high density of extrinsic grain boundary 
dislocations can result in high internal stresses and high energi s which will have a 
direct impact on the mechanical properties [70].  Extrinsic grain boundary 
dislocations are extraneous dislocations produced by external influences su h as 
plastic deformation or quenching [71].            
R. Goswami et al. studied 5083 aluminum both unsensitized and sensitized by 
TEM [19].  In unsensitized, as received material, the microstructure showed a number 




equiaxed precipitates were found to be rich in Mn, Fe, and Cr.  No β phase was 
observed in the unsensitized, as received material.  In the sensitiz d material which 
was sensitized by annealing at 175ºC for 10 days, Mg-rich precipitates were found to 
have precipitated on top of the Mn-rich rod like and equiaxed precipitates [19].  The 
Mg-rich precipitates were determined to be β phase.  β phase was found to also form 
a continuous network at a number of grain boundaries.  The morphology of the β 
phase was either equiaxed or more elongated and measured in length from 50 to 1000 
nm.  A. Eikum and G. Thomas report that Mg atoms cluster prior to the precipitation 
of β phase [72].  Because of the high binding energy between Mg atoms and 
vacancies, the cluster involves Mg atom-vacancy complexes and prior to β phase 
precipitation, a critical Mg vacancy ratio must be attained i  the complexes [72].  The 
results indicate that at the physically deformed surface where t  microstructure has 
been transformed to nanocrystalline grains, a continuous secondary β phase is not 
present as is the case in the present study and as shown in Figures 44 to 52.  Below 
the physically deformed layer as observed in Figure 15, a continuous network of β 
phase exists along with Mg and Cu enrichment at the grain boundaries as shown in 
Figure 65.  The Mg and Cu enrichment at the grain boundaries concurs with the work 
reported by R. Jones et al. for the sensitization heat treatments of aluminum 5083 
[18].   Copper in aluminum is added to increase resistance to pitting, however there is 
evidence that intergranular corrosion resistance decreases with increasing levels of 
copper due to increased precipitation at the grain interior during se sitization heat 
treatments of 5083.  As noted in section 1.2.1, the β phase can only be redissovled 




at the physically deformed surface in the UIT material is likely due to the severe 
plastic deformation induced by the UIT process and dynamic recrystallization near 
the surface which resulted in grain subdivision and nanocrystalline grain growth.   
 E. Huskins et al. also studied unsensitized 5083 aluminum by TEM and fou
two types of precipitates within the matrix, one rod-like shape and another with an 
irregular shape [73].  The rod-like shape structures consisted of Al, Mn, Cr, and Cu 
while the irregular shaped precipitates were Mn rich.  As previously mentioned in 
section 4.1, Mn does not remain in solid solution but rather forms complex 
precipitates.  Any strengthening due to Mn is precipitate strng hening rather than 
through precipitate hardening [73].  Precipitates strengthen the mat rial by acting as 
obstacles to dislocation motion. Figures 54 and 56 provide TEM micrographs in 
which Mn rich precipitates are surrounded by dislocations and act as obstacles to 
dislocation motion.   
 The dislocation types observed between the UIT and untreated material w re 
not distinguishable in the planar orientation.   The UIT material xhibited screw and  
mixed dislocations while the untreated material in the planar orientation exhibited 
edge and mixed type dislocations.  The most notable difference between th  
dislocation types was observed in the transverse orientation.  The UI treated sample 
primary had screw and mixed type dislocations while the untreated material exhibited 
edge, mixed, and screw type dislocations.  The dislocation density was slightly higher 
in the UIT material as expected since the UIT process imparts deep compressive 
stresses and plastically deforms the surface of the material.  Although the deformation 




below the surface region.  One dislocation was observed to slip along the 112:.  Slip 
along the [112] plane is odd slip that occurs due to simultaneous slip in the [101] and 
[110] directions.   
Figures 53 and 54 also show extensive interactions between the dislocations 
and the secondary phase precipitates.  Based on the micrographs, the dislocations 
appear to climb over the precipitates, however, additional analysis would be required 
to confirm this interaction.  In SPD Al-Mg alloys, interactions between dislocations 
and secondary phase precipitates suggest the occurrence of dislocation glide along the 
matrix particle interface which is already under an applied stres  [74].  R. Kaibyshev 
et al. report similar findings for Zr modified 5083 aluminum (Al-4.7Mg) subject to 
HPT and subsequent annealing [74].  Transmission electron microscopy 
investigations showed lattice dislocations attached to small particles.  The 
dislocations climbed over the particles and were captured at the detachment side of 
the particles after the climb when heated to a temperature of T ≥ 550°C [74].  The 
materials used for this study were not annealed, however the results shown in Figures 
53 and 54 suggest that the UIT process leads to extensive dislocation and secondary 
precipitate interactions.      
 The results of the heating stage TEM demonstrate that the nanocrystalline 
grains in SPD Al-Mg are stable to approximately 300°C.  Annealing above 300°C 
results in grain growth and a microstructure with both submicrometer grains and 
random nanocrystalline grains that are less than 100 nm.  Significant gr in growth 
occurs at  400°C as shown in Figure 80.  Heating to 450° resulted in ad itional grain 




time did not significantly increase the grain growth or growth ra e, Figure 83.   These 
results concur with the findings by Z. Horita et al. who reported that subsequent 
annealing of 5083 processed by ECAP at various temperatures for one hour did not 
result in significant grain growth until 300°C [58].  The microstructure after 
annealing at 100°C was essentially identical to the microstructure following ECAP 
processing in which the grains had an average size of less than 1 µm [58].  Annealing 
at 200°C reduces the dislocation density within the grain, however there was little or 
no grain growth.  At 300°C, significant grain growth was observed and the 
microstructure consisted of grains that exceeded 1.0 µm.  In a simil r study, D.G. 
Morris and M.A. Munoz-Morris found grain growth to occur in ECAP processed Al-
3Mg following a one hour anneal at 250°C [75].  The ECAP microstructure before 
annealing consisted of elongated grains measuring 0.1 µm wide by 1.0 to .2 µm in 
length.  Annealing for one hour at 250°C resulted in a duplex microstructure 
consisting of bands of slightly coarsened grains and regions of coarser grains of 5 to 
10 µm.  Annealing at 250°C for 5 to 15 minutes lead to a slightly coarsened 
microstructure with near equiaxed grains.    
 The observed grain growth in this thesis work is due to recrystallization.  The 
in-situ heating stage TEM experiments reported in section 4.2.3 indicate that the 
recrystallization temperature for UIT 5456 is 300°C which concurs with the work 
reported by Z. Hortia et al. for 5083 processed by ECAP [70].  However, these results 
differ from those of D.G. Morris and M.A. Munoz-Morris [75].  The experiments also 
indicate that the grain growth rate is constant up to 450°C.   As noted above, the 




recrystallization temperature has also been found to be influenced by the addition of 
Mg [76,77].  M. Koizumi et al. found that in Al-Mg with various contents of Mg cold 
rolled to 95 percent reduction and annealed at temperatures between 200 and 450°C, 
the Mg content strongly influences the recrystallization temperature and rate [76].  At 
1.0 weight percent Mg, recrystallization is retarded; however with increasing Mg 
content above 2 weight percent, recrystallization was accelerated and occurs at a 
lower temperature.  For Al-5Mg, 100 percent recrystallization was found to occur at ~ 
300°C following annealing treatments for 5 minutes at 225°C, 250°C, 275°C, and 
300°C.  At high Mg solute concentrations, the rate of recrystallization becomes 
constant and at very high Mg concentrations where the solubility limit is exceeded, 
secondary phase particles are precipitated.  In 80 percent cold rolle  Al-5Mg 
annealed for one hour between 260 to 350°C, N. Ryum and J.D. Embury reported that 
Mg serves to reduce both the growth rate and final grain size and gives greater non-
uniformity in the scale of the recrystallized structure [77].   
 Research by J. Wang et al. reports different activation energies for grain 
growth to fully recrystallized and to unrecrystallized grains in an Al-3Mg with an 
initial submicrometer grain structure of ~ 0.2 µm produced by ECAP and 
subsequently annealed at various temperatures [52].   Annealing heat treatments were 
performed at constant temperature in the range from 443 to 548°K (170 to 2 5°C) in 
silicon oil or 563 to 803°K (290 to 530°C) in an Ar atmosphere furnace for 1 hour 
[52].  Significant grain growth occurred at 503°K (230°C) resulting in a duplex 
microstructure consisting of unrecrystallized grains with non-equilibri m grain 




563°K (290°C) with grains greater than 100 µm in diameter [52].   The activation 
energy for grain growth to a fully recrystallized structure was determined to be ~ 90 
kJ/mol which is consistent with the activation energy required for grain boundary 
diffusion in aluminum, ~ 86 kJ/mol.  For the unrecrystallized grains, the activation 
energy is ~ 30 kJ/mol [52].   
The grain growth activation energy, ~ 32 kJ/mol, calculated from the in-situ  
elevated temperature experiments for the UIT material in the curr nt work is very low 
compared to the activation energy for fully recrystallized grains reported by J. Wang 
et al [52].  However, the activation energy concurs with the findings by J. Wang et al. 
for unrecrystallized grains of ~ 30 kJ/mol [52].  In a relatd study, M. Furukawa et al. 
reported an activation energy of ~25 kJ/mol for unrecrystallized grain growth of Al-
3Mg with initial grain size of 0.09 µm produced by torsional straining and 
subsequently annealed between 323 to 793°K (50 to 520°C) [78].  The activation 
energy is of the order of 0.2Qi where Qi  is the activation energy for self-diffusion in 
pure aluminum [78].  M. Furukawa et al. state that the low activation is consistent 
with the high atomic mobility anticipated in non-equilibrium grain boundaries and is 
a consequence of the significant distortion and excess dislocations [78].   The in-situ 
TEM experiments reported in section 4.2.3 resulted in a duplex microstructure 
indicating that the microstructure was not fully recrystallized.  The low activation 
energy concurs with the findings by J. Wang et al. and M. Furukawa et al. for 
unrecrystallized grain growth in Al-3Mg alloys [52,78].  The results a so concur with 




because of the non-equilibrium grain boundaries which are characteristi  of 
nanocrystalline grains as observed in Figures 44 and 45 [69,70].   
M. Kubota reported the formation of plate and lath-shaped precipitate 
particles during the early stages of ageing of Al-10Mg alloy aged at 200°C [79].  The 
plate-like precipitates were identified as β’ phase or the metastable intermediate phase 
with a similar composition to the equilibrium β phase [79].  The in-situ heating 
experiments in this thesis resulted in the formation of fine preciitates upon heating at 
300°C, however it is unclear as to whether these precipitates are inte mediate β’ 




The results of TEM and XRD analysis can be summarized as follows: 
• The nanocrystalline grains formed within the deformation layer vary in size 
from 2 to 200 nm in diameter. 
• The nanocrystalline grains are characterized by curved or wavy grain 
boundaries. 
• A continuous β phase was not observed within the deformation layer. 
• Below the deformation layer, the microstructure is characterized by submicron 
grains, complex structure of dislocations, sub-boundaries, and Moiré fringes 
(overlapping grains).   
• Magnesium and Cu enrichment was observed at the grain boundaries below 




• Below the deformation layer, extensive interactions between the dislocation 
and secondary phase precipitates is observed. 
• The dislocations observed in the UIT sample in the planar orientation included 
screw and mixed type dislocations.  The untreated material in the planar 
orientation exhibited mixed and edge type dislocations.  In the transverse 
orientation, the UIT material was characterized primarily by screw and mixed 
type dislocations while the untreated material was characterized by edge, 
mixed, and screw type dislocations. 
• The dislocation density of the UIT treated material was slightly higher than 
untreated material, on the order of 1.9 × 1010 dislocations/cm2 (planar) and 1.5 
× 1010 dislocations/cm2 (transverse) versus 5.3 × 109 dislocations/cm2 (planar) 
and 7.2 × 109 dislocations/cm2 (transverse). 
• The nanocrystalline grains are thermally stable to ~ 300°C.  Grain g owth 
starts to occur above 300°C with extensive grain growth at 400°C.  The 
microstructure consists of a duplex microstructure with submicron and 
nanocrystalline grains.  Holding for 40 minutes at 450°C did not significatly 
increase the grain growth nor did it result in significant changes in grain size. 







Chapter 5:  Mechanical and Corrosion Properties of Aluminum 
5456 Plastically Deformed by UIT 
 
5.1 Introduction 
This chapter presents the study of the material properties of UIT treated and 
untreated sensitized 5456 aluminum.  The material properties that were examined 
include hardness, yield strength, and susceptibility to intergranular corrosion using 
the ASTM G67 Test.  This study contributes to the understanding of the effects of 
SPD on the material properties of Al-Mg alloys.   
Magnesium is known to increase the strength of Al-Mg alloys through solute 
strengthening.  Increased Mg concentration results in increased strength.  Manganese 
may also provide solute strengthening provided Mn remains in solid solution [70].  
However, most of the Mn has been found to form secondary precipitates, and 
therefore any strengthening effect is due to precipitation hardening [73].  Other trace 
elements such as Fe and Si have also been found to have a strengthening eff ct on Al-
Mg provided they remain in solid solution [48].             
Severe plastic deformation techniques have been shown to improve the 
mechanical properties of Al-Mg alloys through grain refinement.  Techniques such as 
ECAP and HPT have been shown to produce ultrafine grain or nanocrystalline grains 
which can significantly enhance the hardness and strength of the material.  In 6061 
aluminum alloy with majoring alloy elements of Mg and Si, ECAP processing 
showed that the hardness of the material could be significantly increased from 38 HV 
to 75 HV after four passes of processing.  The larger increase in hardness was 




[80].  The grain refinement was also found to contribute to the significa t increase in 
the strength of the material.  M. Fu et al. reported that the ultimate tensile strength 
increased 52 percent after four passes of processing; however the ductility was 
decreased by about half [80].       
 Strengthening due to grain refinement is important in Al-Mg alloys because of 
the relatively large Hall-Petch slope.  The influence of grain size on the yield strength 
is given by the Hall-Petch equation [24]: 
 
n5   n! [ Jmo         (18) 
  
where σy is the yield stress, σo is the frictional stress with both thermal and athermal 
components, k is a constant, and D is the grain size.  For aluminum alloys, k is 
typically in the range of 0.06 to 0.15 MN m-3/2 [81].   
 For Al-Mg alloys, grain refinement has been shown to occur by the 
arrangement of dislocations into cell walls that minimize the srain energy and have 
low angle grain boundary characteristics [1].  With increasing deformation, the cell 
boundaries are transformed into high angle grain boundaries because the cell 
boundaries may increase, the boundary thickness decreases, and the grain boundary 
misorientations increase [1].  The microstructure may exhibit both low angle cell 
boundaries and high angle cell boundaries at certain strains.  Under thes  conditions, 
strengthening is due to two contributions: 1) dislocation strengthening due to the 
presence of low-angle grain boundaries and 2) strengthening due to th  presence of 




  Low angle grain boundaries can exist as subgrains in which the difference in 
orientation across the boundary may only be a few degrees.  Low angle grain 
boundaries are low energy boundaries that are characterized by simple dislocation 
arrays [24].  High angle grain boundaries are boundaries of random misfit between 
the adjoining crystal lattices and are characterized by high surface energy.  As a 
result, high angle grain boundaries are more likely to contain a higher concentration 
of solute atoms at the boundary and serve as preferential sites for solid-state reactions 
such as diffusion, phase transformations, and precipitation reactions.   
As previously noted in section 1.3, low angle grain boundaries are more 
resistant to intergranular corrosion than high angle grain boundaries.  A. Davenport et 
al. reported that when the misorientation angle is over 25°, the grain boundaries can 
exhibit continuous, discontinuous, or no intergranular attack in sensitized aluminum 
5182 [17].  However when the misorientation angle was less than 20°, o precipitates 
were observed at the grain boundaries.   
 
5.2 Results 
5.2.1 Micro-hardness Measurements 
 
Micro-hardness measurements were obtained under a collaborative effort with 
Dr. Marc Zupan at the University of Maryland, Baltimore County using a Vickers 
micro-indenter [82].  Samples for hardness measurements were cut from larger 
samples, mounted in an epoxy resin and polished to a mirror finish.  More than 200 




measurements were obtained as a function of distance from the UIT treated surface in 
order to map the hardness variation.  Figure 88 shows the hardness value as a 
function of depth from the UIT surface [82].  The highest hardness values were 
obtained near the UIT surface which show hardness values that averge 1.04 GPa (at 
the UIT surface to a depth of 0.272 mm).  The hardness values range from 0.9 GPa to 
1.14 GPa at the UIT surface and at depths of 0.141 mm to 2.24 mm below th  treated 
surface.  With increasing depth to 2.24 mm, the hardness values are lower and 
become constant with an average value of ~ 0.9 GPa.  The average hardn ss at the 
UIT surface (1.01 GPa) is slightly lower than the hardness at a depth of 0.141 mm 
















Figure 88.  Vickers hardness measurements as a function of depth from the UIT treated surface 
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5.2.2 Micro Specimen Tensile Testing 
 
Localized tensile properties were measured using specimens obtained near the 
UIT surface and at several depths from the UIT surface.  Specimens were obtained at 
a depth of less than 0.3 mm from the surface, a depth of greater th n 1.0 mm from the 
surface, and at a depth of 2.0 mm from the surface.   
The results show the highest yield strength, 290 MPa and 250 MPa, at the UIT 
surface and near the surface at a depth of 0.141 mm, respectively.  With increasing 
depth, the yield strength is lower with values less than 250 MPa.  There is some 
variability in the data as shown in the yield strength as a function of depth from bel w 
the UIT treated surface in Figure 89.  A specimen obtained at a depth of 2.24 mm 
exhibited a high yield strength of 253 MPa which is higher than te yield strength 
obtained closer to the UIT surface at a depth of 0.141 mm.  The variability in the 
yield strength is likely due to the manual nature of the UIT process which results in 
random deformation on the surface of the material.  There is also some variability in 
the yield strength at the treated surface where the average yield strength was 221 
MPa.  At the UIT surface, two specimens measuring 181 µm and 192 µm thick 
exhibited yield strengths and hardness values of 200 MPa and 0.92 GPa and 172 MPa  
and 1.03 GPa, respectively as shown in Table 7 which provides a summary of the 
yield strength and Vicker’s microhardness from specimens at different depths below 
the surface.  The specimen at the UIT surface that exhibited the hig st yield strength 
was ~ 66 µm thick.  The thickness of the specimens likely included some voids and 
tearing as observed in Figures 13 and 14 which is attributed to the variability in the 

















Figure 89.  Yield strength as function of depth below the UIT treated surface; micro specimen 




Table 7.  Summary of specimen location, yield strength, and microhardness values for micro 
specimen tensile testing of UIT treated 5456 aluminum [82] 
 
Depth below UIT Surface (mm) Yield Strength (MPa) Micro hardnes 
(GPa) 
At the UIT surface 290, 200, 172 1.08, 0.92, 1.03 
0.141 250 1.14 
0.162 236 1.08 
0.208 237 1.04 
 
0.211 236 1.01 
0.272 170 1.04 
1.753 164 N/A 
2.24 171 0.91 
2.24 192 0.90 
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5.2.3 Fractography of Micro Specimen Tensiles 
 
Fractographs of broken micro tensile specimens were obtained for both UIT 
and untreated sensitized 5456 in order to examine the fracture mode.  Fr the UIT 
material, specimens closest to the surface and from the surface were examined in 
order to see if the UIT would result in different fracture modes since the tensile 
properties differ at various depths below the UIT surface.  For the untreated sensitized 
material, specimens were only examined at a depth of 1.686 mm below th  surface as 
the fracture modes are expected to be similar regardless of the depth in which the 
specimen is obtained.  The specimens were observed under the SEM at various 
magnifications ranging from 250X to 2000X.   Figures 90 and 91 show fractogr phs 
of the UIT sensitized micro tensile specimens obtained at a depth of 0.150 mm below 
the UIT surface at magnifications of 300X and 1000X, respectively.  The 
fractographs show a transgranular ductile fracture mode with micro void coalescence 
and dimples.  The fractographs also reveal the presence of larger voids.  Figures 92 
and 93 show fractographs of the UIT sensitized micro specimen tensile obtained at a 
depth of 3.976 mm below the UIT surface at magnifications of 450X and 2000X, 
respectively.  The fractographs reveal a similar ductile fractu e mode as the micro 
specimen tensiles obtained closest to the UIT surface.  The fracture mode is 



















Figure 90.  Fractograph of micro tensile specimen obtained from UIT sensitized 5456 at a depth 





















Figure 91.  Fractograph of micro tensile specimen obtained from UIT sensitized 5456 at a depth 
of 0.150 mm below the UIT surface at 1000X showing voids 



















Figure 92.  Fractograph of micro tensile specimen obtained from UIT sensitized 5456 at a depth 























Figure 93.  Fractograph of micro tensile specimen obtained from UIT sensitized 5456 at a depth 





Figures 94 and 95 show the fracture surface of the  untreated sensitized 5456 micro 
specimen tensiles obtained at a depth of 1.686 mm below the material surface at 
300X and 1000X magnification.  The fracture mode is similar to that observed for the 
UIT micro specimen tensiles.  The fracture mode is primarily transgranular, ductile 
with micro void coalescence and dimples.  There is also some evidence of cleavage 
















Figure 94.  Fractograph of micro tensile specimen obtained from untreated sensitized 5456 at a 
































Figure 95.  Fractograph of micro tensile specimen obtained from untreated sensitized 5456 at a 





5.2.4 Intergranular Corrosion Testing 
 
The susceptibility of UIT and untreated sensitized 5456 to intergranular 
corrosion was tested in accordance with ASTM G67 and a modified ASTM G67 test 
as described in section 1.2 to isolate the effects of the UIT process on corrosion 
resistance.  Standard ASTM G67 testing results were mixed.  The results given in  
Table 8 show comparable mass loss for the UIT and untreated matrial.  The mass 
loss for one UIT sample is greater than the mass loss for the un r ated samples.  As 
previously noted in section 2.2, the standard ASTM G67 test involves immersing the 




entire sample, the results likely include mass loss from the other surfaces and not just 
the UIT surface.  Therefore it is difficult to isolate the mass loss at the UIT surface.     
The results of the modified ASTM G67 testing also show varied results for the  
UIT material and untreated material.  One UIT sample exhibited gr ater mass loss 
than an untreated sample.  The mass loss measured in milligrams per cm2 is shown in 
Table 8 for UIT and untreated samples.  The area of exposure was a circular area with 
a radius of 0.5 cm thus the total area is ~ 0.80 cm2.  The mass loss values are 25.5 
mg/cm2 and 33.1 mg/cm2 for the UIT material.  The untreated material has mass los 
values of 30.6 mg/cm2 and 54.8 mg/cm2.   
 
 
Table 8.  Results of intergranular corrosion testing for UIT treated sensitized 5456 and untreated 
sensitized 5456 using standard and modified ASTM G67 test 
 
Sample Mass Loss mg/cm2 
Standard ASTM G67 Testing 
UIT sensitized 5456 59.62 56.73 
Untreated sensitized 5456 56.21 56.91 
Modified ASTM G67 Testing 
UIT sensitized 5456 25.5 33.1 







5.2.5 Scanning Electron Microscopy of Intergranular Corrosion Tested Specimens  
 
The planar sections of standard ASTM G67 tested specimens were examin d 
in the SEM to observe the extent of corrosion and depth of attack on the surface.  The 
specimens were observed at various magnifications.  Figure 96 shows te planar 
micrographs for the UIT treated material at 1000X and 2000X magnifications.  Figure 
97 shows the planar micrograph for the untreated material at the same m gnifications. 
The micrographs show intergranular attack along the grain boundaries in both the 
UIT and untreated specimens.  The results are comparable with slightly wider fissures 
in the untreated material.  From the micrographs, the fissures in the untreated material 
are ~ 11.6 µm wide while the fissures in the UIT material are ~ 5.8 µm wide.  Both 
specimens also exhibited a number of pits within the grains.  The pits do not appear to 
be more prevalent in one specimen as compared to the other specimen.  As noted in 

































Figure 96.  Scanning electron microscopy image showing the planar orientation of UIT treated 
































Figure 97.  Scanning electron microscopy image showing the planar orientation of untreated 










The planar and transverse cross sections of modified corrosion tested 
specimens were also examined in the SEM to observe the corrosive and depth of 
attack on the surface.  The transverse micrographs were examined in backscatter 
mode to eliminate charging due to the mounts.  The planar micrographs indicate that 
the UIT treated samples experienced worse attack on the surface gr ins as compared 
to the untreated sensitized material.  The corrosive attack resulted in larger and wider 
fissures, ~ 17.4 µm, between grains as shown in Figure 98 at magnific tions of 
1000X and 2000X.  Figure 99 shows the planar micrograph of the untreated 
sensitized material.  Both micrographs show that the corrosive attack is along the 
grain boundaries.  Both micrographs also show that the corroded surface contains a 
number of pits which appear to be more prevalent in the UIT material.  The 
micrographs obtained in the transverse cross section show a deeper penetration of 
corrosive attack for the untreated sensitized material as compared to the UIT treated 
material.  Examination of the transverse micrographs show that the corrosive attack 
on both the UIT and untreated material resulted in fine secondary cracks.  Figures 100 
and 101 show the transverse micrographs of the UIT treated and untreated s nsitized 
material, respectively at 1000X.  From the micrographs, the depth of corrosive attack 
in the UIT treated sample measures ~28.0 µm.  In comparison, the depth of corrosive 


































Figure 98.  Scanning electron microscopy image showing the planar orientation of UIT treated 









































Figure 99.  Scanning electron microscopy image showing the planar orientation of untreated 























Figure 100.  Scanning electron microscopy image showing the transverse cross section of UIT 
























Figure 101.  Scanning electron microscopy image showing the transverse cross section of 




5.2.6 Transmission Electron Microscopy of Intergranular Corrosion Tested 
Specimens 
 
Transmission electron microscopy was used to investigate the microstructure of 
the deformed UIT surface after modified corrosion testing.  Samples were obtained at 
the UIT surface and prepared by polishing only on one side to preserve the corroded 
UIT surface.  These samples were mechanically polished followed by ion milling and 
plasma cleaning.  The micrographs show the presence of nanocrystalline grains 
following corrosion testing.  Figure 102 shows nanocrystalline grains w th Moiré 
fringes and a number of overlapping grains with submicron grains.  The associated 
diffraction pattern shown as an inset to Figure 102 shows a typical ring- ike pattern 
characteristic of nanocrystalline grains.  There is no β phase present at the grain 
boundaries of the submicron grains which should be expected since corrosion test ng 
in HNO3 results in the β phase to fall out.  Figure 103 shows submicrometer grains 
with features at the grain boundaries that appear to be similar to the fissures observed 
in the SEM micrographs in Figures 96 to 99.  The fissures are due to intergranular 
attack and β phase fall out.  Figure 104 shows the presence of features that appear to 
be aluminum oxide (Al2O3) particles along the grain boundaries.  It is noted that EDS 
was not available to confirm whether the particles are Al2O3, however these findings 




















Figure 102.  Transmission electron micrograph of UIT material at the surface after ASTM G67 


























Figure 103.  Transmission electron micrograph of UIT material at the surface after ASTM G67 











Figure 104.  Transmission electron micrograph of UIT material at the surface after ASTM G67 







Research has shown that SPD processes can improve the mechanical 
properties of various metals due to the formation of ultrafine grains or nanocrystalline 
grains [3,25,29].  As previously noted in section 5.1, M. Fu et al. reported that ECAP 
processing results in a significant increase in hardness properties in 6061 aluminum 
due to grain refinement induced by the ECAP process [80].  The results of Vickers 
microhardness testing in this thesis show an increase in hardness with the highest 
values near the UIT surface followed by a decrease in hardness which starts to 
become constant at 2.4 mm below the surface.  The results concur with our TEM 







Figures 44 and 45, and the formation of subgrains below the nanocrystalline l yer, 
Figure 51.  The increase in hardness may be attributed to the grain refinement 
induced by the UIT process.  As previously noted in section 4.2.1.1, UIT results in the 
formation of nanocrystalline grains near the surface.  Both M. Fu et al. and J. May et 
al. agree that increased hardness in aluminum alloys is due to grain refinement, 
however J. May et al. suggest that the higher hardness may also be attri uted to 
dislocation and subgrain hardening [57,80].  J. May et al. suggest that in Al-Mg 
alloys, hardening is due to a number of factors [57].  For conventionally processed 
materials that do not exhibit ultrafine grains or nanocrystalline grains, hardness is due 
to solid solution hardening in which the strength τ depends on the concentration of 
solute atoms c, as τ ~ cq, where q is an exponential factor on the order of 0.34 [57].  
Upon severe plastic deformation after one ECAP pass, the additional hardening is due 
to dislocation and subgrain hardening.  After additional ECAP passes, the additional 
hardening is due to grain refinement.  J. May et al. state that the exponent q does not 
change with increasing ECAP passes therefore the contribution of disl cat on 
hardening and grain refinement are weakly dependent on the concentration of solute 
atoms [57].  
The results of micro specimen tensile testing in this work show that the 
highest strength is achieved near the UIT surface where the higst hardness is also 
observed.  The yield strength value of 290 MPa at the UIT surface is less than the 
yield strength of 380 MPa for Al-3Mg casting subject to four passes of ECAP [84]; 
however it is higher than typical yield strength values for sensitized 5456 [85].  With 




constant 2.24 mm below the treated surface.  The yield strength values, 171- and 192 
MPa for specimens obtained at depths of 2.24 mm are comparable to the yield 
strength values obtained for conventional specimen size tensile test ng of sensitized 
5456 without UIT in accordance with ASTM E8 [86].  The typical yield strength 
values for sensitized 5456 are 189- and 192 MPa [85].  For unsensitized material, the 
typical yield strength values are 271- and 286 MPa.  The results indicate that with the 
UIT process, the yield strength can be substantially increased by 60 to 100 MPa for 
sensitized materials.  The UIT process would also be expected to increase the yield 
strength in unsensitized material as the results of this work show t at the yield 
strength near the surface for sensitized material is ~50 MPa greater than unsensitized 
material.     
The high strength near the surface is attributed to the formation of 
nanocrystalline grains.  As noted in section 5.1, strength due to grain refinement in 
Al-Mg alloys is important because of the Hall-Petch relationship.  Among the 
commercially available aluminum alloys, the Al-Mg alloys exhibit the largest grain 
size dependence on yield strength because of the stress required to nitiate plastic 
flow in Al-Mg alloys [84].  In severely plastically deformed alloys processed at 
ambient temperatures, the strength may be influenced by the formati n of 
dislocations, long range internal stresses and low angle grain boundaries.  Thus, there 
can be a deviation from the Hall-Petch relationship with submicron grai sizes which 
would result in a lower rate of increase in the yield stress.  To study the relationship 
between the Hall-Petch equation and Al-Mg alloys with submicron grain size, M. 




In the absence of appreciable work hardening, the hardness of a material follows the 
relationship of Hv ~ 3σy [87].  From this relationship, the Hall-Petch equation may be 
rewritten as follows [87]: 
 
Hv = Ho + kHd
-1/2         (19) 
 
where Hv is the Vicker’s hardness value, Ho and kH are hardness constants and d is the 
grain diameter [87].   Using this relationship, M. Furukawa et al. found that for an Al-
3Mg alloy subject to ECAP and HPT where the smallest grain size i  0.2 µm (200 
nm) and 0.09 µm (90 nm), respectively, the data followed the Hall-Petch equation.  J. 
Hayes et al. found that with Al-3Mg alloys subject to ECAP and subsequent 
annealing between 100 to 300°C, the yield stress follows the Hall-Petch relationship 
after grain refinement to submicron grain sizes ranging between 0.2 to 11 µm (200 to 
1100 nm) [88].  The results by J. Hayes et al. also suggest that the yield strength 
increase in SPD materials is dominated by grain boundary spacing width.  The results 
of micro specimen tensile testing and Vickers hardness testing presented in this thesis 
deviate from the relationship Hv ~ 3σy.  The calculated values of Hv/σy  near the 
treated surface are 4.5, 4.6, 4.4, and 4.3.  These ratios suggest that a deviation from 
the Hall-Petch relation may occur for nanocrystalline grains that are less than 90 
nanometers in size.  The  results of TEM as discussed in section 4.2.1.1 show that at 
the UIT surface, nanocrystalline grains range in size from 2 to 200 nm.   
The primary strengthening mechanism in Al-Mg alloys is bysolute 




the stacking-fault energy.  Therefore the strength, the recovery and recrystallization 
characteristics of aluminum are strongly controlled by Mg incorporation [39].  
Magnesium also acts as a point defect within the crystal latice and as an obstacle to 
dislocation motion.  In metals, the strength is determined by the applied stress 
required to overcome the obstacles that interfere with dislocation motion [39,73].  J. 
Gubicza et al. reports that SPD is more effective in grain ref ement and increasing 
the dislocation density of aluminum alloys if the Mg content is high [39].  During 
deformation, Mg also acts to hinder the annihilation of dislocations because it tends to 
be located preferentially around the dislocations and exerts a pinning effect on the 
dislocations.  This leads to an increase in dislocation density (dislocation-dislocation 
interaction) and an increase in the yield strength [39].  As discussed in section 4.2.1.2, 
the dislocation density of the UIT treated material is higher t an that in the untreated 
material which is attributed to the severe deformation imparted by the UIT process.  
In metals, grain refinement through SPD occurs by the arrangement of dislocations 
into cell walls so that the higher dislocation density results in a decrease in the 
crystallite size for higher Mg concentration [39].    
 The fractographs shown in Figures 90 and 92 show that the micro specimen 
tensiles exhibit necking before failure.  All the specimens failed in a ductile, 
transgranular manner consisting of numerous dimples which are the result of void 
nucleation and subsequent coalescence.  A ductile failure mode consisting of dimples 
and transgranular failure is typical for Al-Mg alloys [89] and has been reported by D. 
Fang et al. for Al-3Mg subject to the ECAP process [84].   A comparison of the 




to the UIT surface at a depth of 0.150 mm.  This indicates that the dimple decreases 
with increasing depth from the treated surface.  Similar findings were observed in the 
tensile testing of Al-3Mg subjected to ECAP; the dimples size continued to decrease 
with increasing ECAP passes [84].    
 As previously noted in section 1.3, Al-Mg alloys containing more than 3 wt.%  
Mg can sensitize when exposed to elevated temperatures for a prolonged period of 
time and become susceptible to SCC and IGC.  Because the continuous β phase 
formation at the grain boundaries due to sensitization is anodic to the metal matrix,  
galvanic attack occurs at the grain boundaries.  Galvanic corrosion or dissimilar metal 
corrosion occurs when two dissimilar metals with different electrochemical potentials 
are coupled in a corrosive electrolyte.   The metal that is more anodic will corrode 
first.  As previously mentioned in section 1.3, researchers have shown tat β phase 
precipitation at the grain boundaries is related to grain boundary crystallographic 
orientation [15, 17].  Low angle grain boundaries are more resistant to SCC and IGC 
than high angle grain boundaries.  High angle grain boundaries are boundaries of h gh 
surface energy which serve as preferential sites for solid state reactions such as 
diffusion, phase transformations, and precipitation [24].  Grain boundary orientation 
maps of both the UIT and untreated material showed mainly high angle grain
boundaries (see section 3.2.4) with similar fractions for the UIT and untreated 
material.  Based on the EBSD results, it is not a surprise that the mass losses were 
somewhat comparable.     
The micrographs of the specimens tested for IGC susceptibly shown in 




UIT and untreated material.  The results are varied when comparing the specimens 
tested with the standard ASTM G67 test and the modified test.  The specimens tested 
in accordance with the standard ASTM G67 test resulted in comparable mass loss.   
The modified corrosion test also shows comparable mass loss for the UIT and 
untreated material, however the attack was more aggressive and deeper in the 
untreated specimens.  The micrographs also show the presence of pitting withi  the 
grains which appears to be more prevalent in the UIT material than the untreated 
material.  The intergranular attack confirms that β phase is present at the grain 
boundaries below the deformation layer.  The ASTM G67 test involves the use of 
concentrated HNO3 which dissolves the β phase along the grain boundaries.  The 
preferential attack results in corrosion at the grain boundaries causing the grains to 
fall out.  From the modified tests, both Figures 98 and 99 show intergranular attack at 
the grain boundaries, Figure 101 shows that the depth of attack in the untreated 
material is deeper than the UIT material shown in Figure 100.  The comparable mass 
loss results for both UIT and untreated material and the results of SEM analysis 
suggest that the UIT treated samples are not immune to intergranular corrosion.  Both 
the standard and modified ASTM G67 tests show that the corrosive attack extends 
below the deformation layer as shown in Figures 100 and 101.  The depth of at ack 
was measured to be ~ 28.0 µm while the deformation layer is approximately 10 to 18 
µm.  It is not surprising that intergranular corrosion extended beyond the deformation 
layer.  As shown in Figures 13 and 14 in section 3.2.1, the SEM micrographs show 
that the deformation layer is characterized by tearing and voids.  These features allow 




Transmission electron microscopy analysis confirms the presenc  of 
nanocrystalline grains following intergranular corrosion testing.  However, the 
microstructure is characterized by both nanocrystalline grains and submicron grains 
with a number of overlapping grains.  There are features along the rain boundaries 
of the submicron grains that appear to be similar to the fissure observed in the SEM 
micrographs of Figures 96 to 99.  Additional TEM analysis is required to confirm if 
these are the same features.  Figure 104 shows the presence of features at the grain 
boundary that appear to be Al2O3 which could be converted from the β phase during 
intergranular corrosion of Al-Mg [83].    
 The ASTM G67 test is an unloaded accelerated corrosion test, however th re 
was some secondary cracking observed in both the UIT and untreated matrial.  
These results suggest that in a corrosive environment under a loading condition, SCC 
would occur in both the UIT and untreated materials.  The SCC is strongly influenced 
by the presence of the β phase even for the UIT treated material.  As previously 
noted, below the physically deformed UIT surface, β phase precipitates are still 
present in the material.   Stress corrosion cracking and crack g owth in sensitized Al-
Mg alloys has been attributed to either an anodic dissolution or hydrogen induced 
crack growth mechanism [18].   The β phase may also act as a catalyst to generate and 
enhance the ingress of hydrogen [18].  R. Jones et al. also suggest that when tested in 
artificial seawater, 3.5% NaCl + 0.1 M K2CrO4, the β phase particles are converted to 
Al 2O3, oxide particles [83].  When H absorption occurs during the corrosion of the β 




The crack growth between the Al2O3 particles is thought to result from the uptake of 
hydrogen and hydrogen induced crack growth [83]. 
Research to investigate the IGC of nanocrystalline Al-Mg alloys is limited and 
the results are varied.  E. Sikora et al. reported that nanocrystalline 5083 aluminum 
was not resistant to IGC, however conventional 5083 was resistant to IGC [90].  The 
nanocrystalline 5083 was synthesized by cryomilling of powers and subsequent 
consolidation to form a material with grain sizes of 80 to 200 nm [90].  E. Sikora et 
al. tested both conventional and nanocrystalline 5083 aluminum in accordance with 
ASTM G67 and found that the nanocrystalline 5083 was not resistant to intergranular 
corrosion; however the conventional 5083 was resistant.  The researchers also 
performed additional testing at 50°C for two minutes and found that the 
nanocrystalline 5083 was severely corroded at the grain boundaries while the grain 
boundaries of the conventional 5083 were intact [90].  Conversely, E. Kus et al., 
reported that nanocrystalline 5083, which was also consolidated from a cryomilled 
prealloy, was more resistant to IGC than conventional 5083 wrought product [91].  
ASTM G67 testing of nanocrystalline 5083 resulted in a mass loss of 8.39 mg/cm2 
and 7.89 mg/cm2 while the mass loss for conventional 5083 was 18.82 mg/cm2 [91] .  
Scanning electron microscopy examination of the tested specimens showed that 
nanocrystalline 5083 had rough circular holes spread over the entire surface while the 
conventional 5083 exhibited attack along the grain boundaries.  The results of the 
testing of 5083 aluminum concur with the work by E. Kus et al. [91].  Although, 
intergranular corrosion cracking was observed in both UIT and untreated mt rial in 




suggests that the nanocrystalline layer may result in some improvement in corrosion 
resistance.  It is noted that the deformation imparted by the UIT process is random 
and results in gaps of treated and untreated surface area which may result in random 
localized corrosive attack on the surface.  
The micrographs of the standard corrosion tested specimens showed 
comparable amounts of pits forming within the grains, however the modified 
corrosion tested specimens showed varied results.  The pitting appeared to b  more 
prevalent in the UIT specimens.  Research to examine pitting corrosi n in 
nanocrystalline and conventional Al-Mg is also varied.  Research by E. Sikora et al. 
to examine the pitting corrosion of nanocrystalline Al-Mg materials show that 
nanocrystalline 5083 is more resistant to pitting than conventional 5083 [90]. The 
pits on the nanocrystalline 5083 were smaller which may be due to pitting occurring 
only around inclusions and that the pit size depended on the inclusion size [90].  The 
nanocrystalline material had smaller inclusions than the conventional material which 
resulted in smaller pits.  The pitting observations were based on cyclic polarization 
experiments in which the specimens were immersed in 0.1 M sodium sulfate (NaSO4) 
solution with chloride concentrations varying from 0.005 M to 1.0 M.  In arel ted 
study, M. Sharma and C. Ziemian reported superior pitting resistance i  
nanocrystalline Al-8.6Mg and Al-Mg7.5 as compared to conventional 5083 in short
term alternate immersion SCC testing in 3.5% sodium chloride (NaCl) [92].  
However, for long term (1 to 6 months) SCC alternate immersion testing, deeper pits 
developed in the nanocrystalline Al-7.5Mg alloy.  With increasing testing periods, the 




that when subjected to 0.5  NaCl, pits that formed on conventional 5083 were more 
numerous however smaller than the pits that formed on nanocrystalline 5083 [91].           
5.4 Summary     
 
The results of materials properties testing can be summarized as follows: 
 
• The highest hardness is near the UIT surface, 1.13 GPa at a depth of 0.141 
mm below the surface and becomes constant at the depth of 2.24 mm below 
the treated surface.  The hardness values measured at the UIT surface show 
some variability with values ranging from 1.08 GPa to 0.92 GPa. 
• The highest yield strength is at the UIT surface, 290 MPa, however the results 
show variability.  A yield strength of 253 MPa was observed 2.24 mm below 
the treated surface. 
• The tensile fracture mode was transgranular ductile fracture with micro void 
coalescence and dimples for specimens obtained at the surface and below the 
surface 
• Standard ASTM G67 testing for intergranular corrosion susceptibility showed 
comparable results between UIT and untreated material with mass los es 
ranging from 56.21 mg/cm2 to 59.62 mg/cm2.  Modified ASTM G67 testing 
showed mixed results for UIT and untreated material; 25.5 mg/cm2 and 33.1 
mg/cm2 (UIT) and 30.6 mg/cm2 and 54.8 mg/cm2 (untreated). 
• Corrosive attack was intergranular for both UIT and untreated material.  
Wider fissures were noted in the untreated corrosion specimens for the  
standard ASTM G67 testing; however, wider fissures were noted fr the UIT 




observed within the grains and appeared to be more prevalent in the UIT 
material (from modified ASTM G67 testing). 
• Depth of corrosive attack is deeper in the untreated material, ~ 37.4 µm as 











Chapter 6:  Characterization and Analysis of Deformation and 
Stress During the UIT Process 
 
6.1 Introduction 
This chapter presents the study of UIT processing parameters on sensitized 
5456 aluminum and the effects on the residual stresses through numerical simulation 
of the deformation process using DEFORM 3D™ software.  The surface roughness 
due to the deformation imparted by UIT is investigated by confocal microscopy.  The 
surface roughness measurements for untreated material were us d as inputs for the 
deformation process model and the results of the model are compared to analytical 
data obtained through X-ray diffraction measurements.   
 Confocal laser scanning microscopy (CLSM) is an advanced technique based 
on confocal microscopy that allows for determination of a specimens surface 
roughness in 3D.  The confocal microscope is an optical microscope that has the 
capability to create a bright image of the in-focus region of the sp cimen while 
causing out-of-focus regions to appear dark [93].  The confocal microscope assembles 
a series of optical sections each at a different focal plane to create a “through-focus” 
image which has an indefinite depth of field [93].  The ability to create an image with 
an indefinite depth of field allows for the imaging of non-flat specim ns and can be 
used to measure the surface roughness of a specimen.   
The data and parameters that can be obtained using 3D CLSM include the 
average roughness, Sa, and root mean square roughness, Sq.  These parameters are 
evaluated over the complete 3D surface. Mathematically, Sa, and Sq, are evaluated by 
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where x, y are in the specimen plane and z is along the optical axis [94].  The 
maximum peak height or height of the highest peak is denoted as Sp, the maximum 
valley depth, the depth of the lowest point is Sv, usually indicated as a negative 
number.  The maximum change in height of the surface, Sz, is found from Sz = Sp - Sv 
[94].   
 DEFORM 3D is a finite element engineering software that can be used to 
simulate deformation, stress analysis, and complex heat transfer.  DEFORM 3D is 
capable of modeling complex three dimensional material flow patterns and can be 
used to model complex interactions between deformation, temperature, and distortion.  
The software has been used to analyze three dimensional flow of complex metal 
forming processes such as forging, rolling, drawing, and extrusion [95].  To the best 
of this author’s knowledge, this is the first time a numerical simulation of the UIT 
deformation process has been performed.  Due to constraints on computational 
resources, the analysis was limited to only a few dozen cycles for a preliminary study.     
   Severe plastic deformation processes such as UIT and shot peening have been 
shown to impart deep compressive residual stresses into the surface of luminum [96, 




fatigue life and prevents tensile and corrosion cracks in structural parts [97,98].  The 
residual stresses of the UIT material as a function of depth are measured by standard 
XRD techniques.   
 The technique of residual stress measurements using XRD involves the 
determination of the strain in the surface layers of the material by measuring the shift 
in the position of the diffraction peak of the set of planes [99].  The strains are then 
converted into stresses analytically.  The measurement of the diffraction peak shift in 
the selected set of planes is based on Bragg’s law deduced from Equation 3.  The 
changes in the interplanar spacing, d, can be determined using Bragg’s law to obtain 
the elastic strain, ε [38]:   
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where dn is the spacing of the planes parallel to the bar axis under stress (n indicates 
that the reflecting plane normal is normal to the specimen surface) nd do is the 
spacing of the same planes in the absence of stress [38].  The stress i  evaluated from 
the measured strains using Young’s modulus [E], Poisson’s ratio [ν], and taking into 
consideration the elastic anisotropy of the material.  Using Equation 23, the stress in 
any chosen direction from the corresponding plane spacing can be determin d from 
two measurements made in the plane normal to the surface and containing the 
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Additional information regarding the determination of residual stresses u ing XRD 
can be found in Elements of X-ray Diffraction by B.D. Cullity [38].     
 
6.2 Procedure and Results 
6.2.1 Confocal Microscopy of UIT surface 
 
Confocal microscopy measurements were obtained on both UIT and untreated 
material.  Surface roughness measurements of three UIT samples were obtained using 
a Zeiss LSM 510 confocal microscope and Zeiss LSM 510 V.3.2 software over 
multiple areas of 1.8 mm x 1.8 mm on each sample.  The smaller images were 
stitched together using the same software to form stitched images that measured 5 
mm x 5 mm.  The parameters that were obtained include Sa, Sq, Sp, Sv (absolute 
value), and Sz.   Figure 105 shows the surface topography of two smaller surface areas
prior to stitching the images together.  The images clearly show t e indentations 
produced by the UIT process.  The average surface roughness valuery from 
13.619 µm to 17.946 µm indicating variability on the UIT surface.  The values for 
maximum peak height, Sp, also show variability with a large range between 117.977 
µm to 68.179 µm (Sp).   The maximum valley depth which measures the lowest point, 
Sv, maximum height, Sz, of the surfaces are comparable across the samples ranging 



























The larger stitched images, Figure 106 show comparable surface roughness for two of 
the samples.  From these two samples (A & B), the average surface roughness is 
23.673 µm and 22.073 µm, respectively.  There is variability in the maximum peak 
height and the maximum valley depth ranging from 101.369 µm to 68.198 µm (Sp) 
and 40.563 µm to 78.103 µm (Sv) , however the maximum height of the surfaces is 
comparable ranging between 87.892 µm to 95.969 µm (Sz). Sample A clearly shows 
the indentations produced by the UIT process.  The results indicate that the verage 
surface roughness from samples A and B are comparable to the UIT processing 




Sa = 17.946 µm 
Sq = 22.415 µm 
Sp = 117.977 µm 
Sv = 52.765 µm 
Sz = 63.348 µm 
 
 
Sa = 13.619 µm 
Sq = 17.203 µm 
Sp = 68.179 µm 
Sv = 65.265 µm 






























 Surface roughness measurements were also obtained for untreated material 
and two larger stitched images are shown in Figure 107.  The images show that 
untreated material exhibits a surface roughness with average surface roughness values 
of 18.860 µm and 14.521 µm which are slightly less than the average surface 
roughness values for the UIT material.  The average surface roughness of the 
untreated material will have an effect on the stresses induced by the UIT processing 
Sa = 22.073 µm 
Sq = 27.064 µm 
Sp = 68.198 µm 
Sv = 78.103 µm 
Sz = 95.969 µm 
 
Sa = 23.673 µm 
Sq = 28.653 µm 
Sp = 101.369 µm 
Sv = 40.563 µm 







which is observed by the deformation modeling and discussed below in section 6.2.2.  
The maximum peak heights are comparable, 95.895 µm to 87.826 µm (Sp), however 
the maximum valley depth varies from 75.555 µm to 203.206 µm (Sv).  The 
maximum valley depth of 203.206 µm for sample B is larger than the maximum 
valley depths observed for the UIT sample.   The maximum height of the surfaces 
also vary and range between 58.020 µm to 95.492 µm (Sz). The surface roughness 

















Figure 107.  Larger confocal laser scanning images of two sensitized untreated surfaces, 5 mm x 
5 mm surface area 
A 
B 
Sa = 18.860 µm 
Sq = 24.022 µm 
Sp = 95.895 µm 
Sv = 73.555 µm 




Sa = 14.521 µm 
Sq = 22.633 µm 
Sp = 87.826 µm 
Sv = 202.206 µm 





6.2.2 X-Ray Diffraction Measurements to Determine Compressive Residual Stress 
 
Using XRD, residual stress measurements as a function of depth were 
obtained along the x- (longitudinal along the plate rolling direction ) and y- axis 
(transverse to the plate rolling direction) of UIT and untreated material (see Figure 7).  
Figure 108 shows the compressive residual stresses for the UIT treated and untreated 
material as a function of depth.  X-ray diffraction measurements were obtained at a 
depth of 0.05, 0.1, 0.15, 0.2, and 0.25 mm.  The results show that the compressive 
residual stresses for the UIT material are greater than te compressive residual 
stresses for the untreated material particularly in the longitudinal direction.  A 
comparison of the results show that the compressive residual stress along the 
longitudinal axis for the UIT material is ~2X greater than the compressive residual 
stresses of the untreated sample.  Along the transverse direction, the UIT material 
exhibits compressive residual stresses that are ~20 MPa greater th n the untreated 
material.  A large difference in compressive residual stresses along the longitudinal 
and transverse directions is observed for the untreated material than the UIT treated 
material.  The large difference in residual compressive stresses may be attributed to 
the stresses imparted during the cold rolling of the plate during p oduction which by 
definition is typically along the longitudinal direction.  The results also show that the 
compressive residual stresses imparted by UIT are less than the yield strength of the 
material as measured by bulk tensile testing.  The maximum residual stress for the 









































6.2.3 Deformation Modeling of UIT Process 
 
 
Numerical modeling was used to estimate the effective strain , stresses, and 
temperature during a few cycles of the UIT process.  The deformation of the surface 
was modeled using elasto-plastic analysis available within DEFORM 3D.   
The constitutive parameters used to develop the model were based on room 
temperature properties for aluminum 5454 which are standard parameters available in 















































lower than aluminum 5456 [100].   The material properties were: Young’s Modulus = 
68.9 MPa, Poisson’s ratio = 0.33, and a coefficient of thermal expansion = 2.2 × 10-5 
°C-1 which are comparable for 5454 and 5456.  The constitutive properties for plastic 
flow were defined by internal data tables for flow stress a  a function of temperature, 
strain, and strain rate.  The DEFORM 3D software interpolates the data to calculate 
the flow stress based on the strain and strain rate at each nodal location.   
The topographic data from the confocal microscopy analysis were usd to 
develop a solid model for numerical analysis.  Surface heights at the x, y positions 
from a 4.94 × 4.94 mm section of the untreated sensitized plate (Figure 107B) were 
used to define the topography of the solid model.  The surface volume was completed 
by giving the surface topography a thickness of about 0.5 mm and then meshing the 
solid with tetragonal finite elements.  This surface volume was coupled to a support 
block and meshed into a larger finite element model as shown in Figure 109.    
Sticking conditions were applied to the surface volume and support block such that 
the elements represented a single unit.  A second surface volume was added in the 
same manner.   The surface volume forms the contour surface plate. 
A few assumptions were incorporated into the model based on the UIT 
processing parameters discussed in section 2.1.  The pin tool was modeled to have 3 
mm pin tip radius and specified to be rigid such that it would not undergo any 
deformation.  The pin tool stroke is based on a frequency of 27 kHz and amplitude of 
22 µm.  Therefore one complete pin stroke is 37 µs long that results in a displacement 
of 22 µm in the -z direction into the surface contour plate.   The boundary conditions 




traversed in the –y direction at a speed of 1.66 mm/sec which is based on the UIT 





























Figure 109.  Overview of DEFORM 3D UIT model with surface contour plate on a support block 





 The preliminary modeling results show that the plate material undulates as the 
pin tool impacts and retracts from the surface of the material.  The undulations 
represent the elastic response of the surface to the compressive stresses built up 
during a pin tool cycle.  The timescale of the response is of the same order as the 

















of the same order of magnitude as the XRD measurements near the surface as shown 














Figure 110.  Residual stress equilibration showing that the calculated stress under the tool is the 
same order of magnitude as XRD measurements. 
 
 
    The effective stresses imparted by the UIT process are shown in Figure 111.  
DEFORM 3D modeling simulation snapshots of the UIT process showing the 
effective stress after various pin tool cycles; A (1.1), B (2.4), C (7), D (8.4), E (13), 
and F (14.6) are shown in Figure 111. The effective stresses imparted into the 
material are immediately noticeable after one complete pin tool stroke and shown to 




imparted into the material surface fluctuates until some regions of the material are 
permanently strained beyond the elastic limit.  The stressed depth and area also varies 
and is most notable between Figure 111 (B) and (C).  The maximum depth of the 
stressed region extends below the thickness of the contour surface plate (0.5 mm) as 
shown in Figure 112.  The maximum effective stress observed by the material is 
shown to be 325 MPa which exceeds the yield strength values obtained from micro 
specimen tensile testing, section 5.2.2.  It is noted that the effective stresses observed 
in the model simulation are after 18 pin tool cycles and not equivalent to the 
permanent residual stresses induced by the UIT process as measured by XRD.  
However, the model demonstrates that the UIT process can induce high levels of 







































Figure 111.  DEFORM 3D modeling simulation snapshots of the UIT process showing the effective stresses after various pin tool cycles: A (1.1), B (2.4), 
C (7), D (8.4) E (13), F (14.6)
A B C 














Figure 112.  Maximum depth of the stressed region; extends below the thickness of the contour 
surface volume 
 
Figure 113 shows snap shots of the UIT model for strain obtained at various 
pin tool cycles: A (2.4), B (7), C (10), D (12), E (15), and F (18).    The snaps shots 
show a transverse cross section of the model in Figure 109 with the red line 
representing the pin tool.  The model was simulated for 145 steps which is equivalent 
to 18 complete pin tool cycles where eight steps is a complete pin tool stroke (pin 
impact and retract).  The notable effects of the strain on the mat rial surface occur 
approximately after seven complete pin tool cycles (Figure 113 B).  The effective 
strain increases as the number of pin tool cycles increases reulting in a maximum 
strain of 0.616 mm/mm after 12 complete pin tool cycles.  As the number of pin tool 
cycles increases, the strain effects dissipate resulting in broadening deformation on 
the material surface.  Figure 114 shows that the maximum effective strain extends to 


















Figure 113.  DEFORM 3D modeling simulation snapshots of the UIT process showing the effects of the effctive strain after various pin tool cycles: A 
(2.4), B (7), C (10), D (12) E (15), F (18) 
B C A 













Figure 114.  Maximum depth distribution of the effective strain; maximum depth is 0.174 mm 
 
 
    The localized heating observed during the UIT process is illustrated by 
Figure 115 which shows snap shots obtained at various pin tool cycles:  A (2.5), B 
(8), C (9.9), D (11.5), E (11.6), and F (18.1).  Localized heating occurs almost 
immediately after 2.5 pin tool cycles.  With increasing pin tool cycles, the localized 
temperature fluctuates and the affected volume continues to increase due to thermal 
conductivity.  The temperature continues to fluctuate and reaches a maximum 
temperature of ~ 32°C after a completion of 11 pin tool cycles.  The depth 
distribution of the temperature gradient extends through the thickness of the surface 
contour plate as shown in Figure 116.  It is noted that the simulation is only for 18 pin 
tool cycles, therefore in actual production the material surface likely heats to higher 
temperature.  As noted in section 4.3, in order for nanocrystalline grains to form, the 































Figure 115.   DEFORM 3D modeling simulation snapshots of the UIT process showing localized heating temperature after various pin tool cycles: A 
(2.5), B (8), C (9.9), D (11.5) E (11.6), F (18.1) 
A B C 






























Figure 116.  Depth distribution of the localized heating temperature; temperature gradient 






6.3 Discussion  
 
Although there was some variability in the surface roughness of the UIT 
material as measured by the CLSM, the results indicate that the surface roughness is 
approximately equivalent to the amplitude used during UIT processing.  The 
amplitude is the height that each pin oscillates during the processing.  This suggests 
that penetration depth into the material surface may be altered by changing the pin’s 
amplitude processing parameter.   
The rough surface created by UIT may reduce the beneficial effects such as 




roughness influences material properties such as fatigue life because it may induce 
stress concentrations a specific points and thus facilitate crack initiation under fatigue 
loading conditions [101,102].  Under fatigue loading, cracks always nucleate from the 
surface at areas of high stress concentration such as notches, dimples, or dents 
[101,103].  Although the presence of compressive residual stresses produced by SPD 
processes prevents crack initiation and growth, surface roughness generates localized 
stress concentration points and accelerates crack initiation [104].   
M. Bayoumi and A. Abdellatif showed that the fatigue life decreases with 
increasing surface roughness in aluminum [103].  The fatigue specimens were 
prepared with various levels of surface roughness of 1.8, 1.1, 0.95, and 0.45 µm.  The 
fatigue life was found to decrease as the surface roughness increased due to the 
development of more micro cracks and micro voids as the surface roughness 
increased.  The susceptibility of the specimens to micro crack initiation and crack 
propagation increased as the roughness parameters including surface roughness, Ra, 
root mean square deviation profile, Rq, maximum peak height, Rp, and maximum 
valley depth, Rv increased.   
H. Itoga et al. showed that the fatigue life decreases with increasing surface 
roughness in Ni-Cr-Mo steel [101].  The fatigue specimens wereprepared with three 
different levels of surface roughness; 10.24 µm to 19.26 µm (maximum surface 
height) and 1.386 µm to 3.154 µm (average roughness).  Cracks were found to initiate 
at the bottom on scratch marks indicating that the surface roughness acts as a small 
notch.  The increased surface roughness induces a stress concentration a  the bottom 




strength.   At low stress concentrations, crack initiation at the specimen surface 
occurred more readily due to the stress concentrations created by the surface 
roughness.  With increasing surface roughness which resulted in higher stress 
concentrations, cracks were found to always initiate at scratch marks on the specimen 
surface.         
The M. Bayoumi and H. Itoga et al. models are based on the surface 
roughness due to machining marks that are linear [101,103], however the results
reported by K. Dai et al. and A. Eftekhari et al. are based on SPDtreatments 
[102,104].   Although fatigue testing of UIT material was not been conducted as part 
of this research, future work should include an investigation of the fatigue properties 
of UIT material.   
The results of CLSM also showed that the untreated material has a rough 
topography.  The average surface roughness of the untreated material ranges from 
18.860 µm and 14.521 µm which is only slightly lower than the average surface 
roughness values for the UIT material.  The surface topography of t e material prior 
to UIT processing will have an effect on the spatial distribu ion of stress and strain as 
shown by the deformation modeling. 
The preliminary deformation modeling results showed that the platm terial 
undulates as the pin tool impacts and retracts from the surface of th material due to 
compression followed by expansion until the effective strain exceeds the elastic limit 
of the material.  The timescale of the response is of the same order as the frequency of 
the pin tool and the calculated residual stress under the tool, ~80 MPa, is of the same 




effective stress imparted into the material was 325 MPa which exceeded the yield 
strength values measured through micro specimen tensile testing.  The maximum 
yield strength value at the UIT surface was 290 MPa (section 5.2.2).  The maximum 
effective stress observed by the model also exceeded the residual compressive 
stresses of -175 MPa (x direction) and -165 MPa (y direction)  measur d by XRD.  
The model demonstrated a large effective stress of -200 MPa almost i mediately 
after just one pin tool stroke.  With increasing pin tool cycles, the area of deformation 
expanded.  The results also showed that the effective strain increases with increasing 
number of pin tool cycles.  After 12 complete pin tool cycles the effective strain was 
0.616 mm/mm and extends to a depth of 0.174 mm below the surface.  The UIT 
process was shown to result in localized heating up to a maximum temperature of ~ 
32°C in a relatively short amount of time.  Localized heating occurred rapidly after 
2.5 pin tool cycles and the maximum observed temperature was reached fter 11 
complete pin tool cycles.     
It is noted that the modeling results are preliminary and the simulation was 
only for 18 complete pin tool cycles for a total of 666 µs.  The observed effective 
strain, stresses, and temperature from the model will differ from a complete actual 
UIT process.  However, the model demonstrates that the UIT process can result in 
large effective strains, stresses, and rapid localized heating in a short time.    
The compressive residual stresses observed during DEFROM 3D modeling 
are comparable to the results reported by Zinn and Scholtes [96].  The shot peening of 
aluminum 5083 resulted in the highest compressive residual stresses anging from ~ -




increasing depth to 0.4 mm, the compressive residual stresses decreased to less than -
50 MPa.  The results of XRD showed that the compressive residual tresses imparted 
by UIT were -177 MPa (x-direction) and -165 MPa (y-direction) at a depth of 0.25 
mm.  These values are comparable to the compressive residual stresse  ported by 
M. Liao et al. for the UIT of aluminum 7075-T6511 [5].  M. Liao et al. reported 
compressive residual stresses ranging from 150 to 200 MPa on or near the surface and 
were reduced to around 70 MPa at a depth of 1.0 mm below the surface [5].  These 
values are greater than the compressive residual stresses reported by Zinn and 
Scholtes for shot peening of aluminum 5083 at the same depth.  The measured 
residual stresses at a depth of 0.25 mm were reported to be -150 MPa [96].  The 
results of DEFROM 3D and XRD measurements show that the UIT process can 





The results of confocal microscopy, XRD residual stress measurements, and 
numerical simulation can be summarized as follows: 
  
• The surface roughness is approximately equivalent to the UIT processing 
amplitude where the amplitude is the height that each pin oscillates during the 
processing. 
• Numerical deformation modeling showed that the material surface undulates 




undulations represent the elastic response of the surface to the compressive 
stresses built up during a pin tool cycle.  
• Numerical deformation modeling showed that the timescale of the response is 
of the same order as the frequency of the pin tool.  The calculated residual 
stress under the tool, ~80 MPa, is of the same order of magnitude as th  XRD 
measurements near the surface. 
• Numerical deformation modeling showed that the UIT process results in a 
maximum effective strain of 0.616 mm/mm after 12 complete pin tool cycles 
and with increasing pin tool cycles, the effective strain increases. 
• DEFORM 3D modeling showed that UIT results in rapid localized heating t 










 The objectives of this work were to correlate the microstructural evolution of 
UIT material to the effects on material properties and to develop a fundamental 
understanding of the mechanisms that cause the microstructural evolution through 
microstructural characterization techniques and materials properties testing.  The 
work included investigating the plastic deformation imparted by UITon sensitized 
5456-H116 plate and untreated sensitized to provide a basis for comparison.  The 
following conclusions can be made from the work in this thesis:  
 
• The UIT process results in the formation of nanocrystalline grains in 
sensitized aluminum 5456, however the nanocrystalline grains are only 
present at the deformation layer.  The effects of UIT extend below the 
deformation layer and results in grain refinement.  The increased strength and 
hardness near the UIT surface is attributed to the grain refiement.  The 
results demonstrate that UIT can be used to improve the strength properties of 
severely sensitized material with a mass loss of >50 mg/cm2 through the 
formation of a nanocrystalline layer. 
• The deformation layer is also characterized by voids and tearing nd a distinct 
separation or lamination layer between the UIT surface and the metal matrix.  
This appears to have an effect on the strength properties because the hardness 
values and strength values were variable at the UIT surface.  Th  voids and 




properties between UIT and untreated material.  These results suggest that the 
nanocrystalline layer imparted by the UIT process does not improve the 
intergranular corrosion properties.    
• The presence of nanocrystalline grains and lack of a continuous β phase 
within the deformation layer indicates that the straining and localized heating 
(which should have been on the order of 0.2Tm) induced by UIT results in 
dynamic recrystallization.  β phase can only be redissolved by reheating Al-
Mg to about 425°C.  Dynamic recrystallization is rarely observed in 
aluminum alloys because it exhibits a high rate of dynamic recovery.  
However this result suggests that dynamic recrystallization can occur in 
severely plastically deformed Al-Mg and contributes to the understanding of 
recrystallization behavior of severely plastically deformed aluminum alloys.      
• The nanocrystalline grains are thermally stable to ~ 300°C indicating that the 
recrystallization temperature for UIT 5456 is ~ 300°C.  The activ tion energy 
required for grain growth is ~ 32 kJ/mol which is low compared to the 
activation energy for fully recrystallized grains.  However, the low activation 
energy concurs with the concept of a low activation energy for grain diffusion 
in ultrafine grain materials because of the non-equilibrium grain boundaries 
which are characteristic of nanocrystalline grains.  High resolution TEM 
confirmed the presence of curved or wavy grain boundaries in the nanograins 
formed by UIT.  These results contribute to the understanding of the 
recrystallization and grain growth behavior of aluminum nanocrystalline 




• The UIT surface exhibits high hardness and strength; however the results 
varied showing lower hardness and strength values in some areas.  The higher 
hardness and strength value may be attributed to the formation of the 
nanocrystalline layer; however the presences of voids and micro voids/micro 
cracking in the deformation layer result in some lower hardness and strength 
values.  The voids and micro voids/micro cracking in the deformation layer
contributed to the mixed corrosion properties.  Although UIT results in he 
formation of a nanocrystalline layer at the surface, the defects induced by the 
process reduce the benefits of the nanocrystalline layer. 
• Numerical deformation modeling shows that the UIT process results in high 
effective strain; effective stresses, and localized heating almost immediately 
(666 µs).  The model also shows that the material undulates which represents 
the elastic response of the surface to compressive stresses built up as the pin 
tool impacts and retracts from the surface of the material.  The model also 
showed that the calculated residual stress under the tool, ~80 MPa, is of the 
same order of magnitude as the XRD measurements near the surface.  The 
work demonstrates the successful modeling of the UIT process and 
contributes to the understanding of the physics of the UIT process and 
physical effects on aluminum 5456.    
 
7.3 Future Work 
 
This work contributed to the understanding of the microstructural evolution of 




The work was focused on the study of sensitized 5456 UIT and untreated m t rial.  
To further the understanding of UIT on 5456, the following work is recommended:   
• Additional HRTEM analysis of UIT material to determine the deformation 
mechanisms in nanocrystalline grains which have been suggested to occur 
through the formation of twins and stacking faults in Al-Mg alloys.  
• Microscopy of UIT welds fabricated from sensitized 5456 to examine the 
microstructural evolution in weld metal.   
• Additional material properties testing particularly fatigue testing and SCC 
testing of UIT sensitized 5456 and UIT welds fabricated from sensitized 5456.   
• Obtain temperature measurements during UIT in order to determine the 
localized heating induced by UIT to determine the temperature required for 
nanocrystalline grains to form and further the understanding of 
nanocrystalline grain formation.      
• Evaluate the microstructural evolution and material properties of UIT
processed material treated with different processing parameters (amplitude, 
frequency) in order to further the understanding of the processing parameters 
on the microstructure and material properties.  
• Additional numerical deformation modeling to simulate the effective strains, 
effective stresses, and the localized heating observed during UIT for more 
cycles that are representative of the actual UIT process in production and also 
to examine different UIT processing parameters.  Due to constraint  on 
computational resources, the analysis was limited to only a few dozen cycles 
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